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Aims for the Coming Year 


y™ THE BEGINNING of each year, we make new resolutions. 
In this spirit the Editor has asked the incoming President to state his resolutions, desires, 
and aims. Naturally, such resolutions and aims should be toward the constant advance 
of our Society, and the industry it represents. 

For several years, there has been a growing feeling among your officers that the 
importance of electrochemistry is not recognized by the profession itself, or by the 
colleges that should prepare the future leaders in electrochemistry. 

The statistics of production eloquently bespeak the rapid growth of the electrochemical 
industry. Whereas general industrial production has doubled in about 30 years, the 
chemical process industries have doubled every 10 years, the petroleum industry every 
13 years, the electroprocess industries, as represented by chlorine, aluminum, mag- 
nesium, electric steel, and furnace alloys, have doubled in every 4 to & years. This rate 
of increase is matched only by the glamorous synthetic resins industry which has doubled 
every 6 years. 

As further proof of the importance of electrochemical products, we might quote the 
fact that in considering the expansion of the chemical industry for the war emergency, 
chlorine was the chemical first studied, and its importance may be gauged by the fact 
that it was the first chemical in which the manufacturers as a group were given amortiza- 
tion certificates. Our Society is indeed fortunate in being the representative of so healthy 
and important a part of the American manufacturing economy. 

Of course, such growth, volume, and expansion require men trained in the theory and 
practice of the industry. We hope the colleges will recognize this, and that they are not 
overlooking the demand for men trained in this field. We hope the members of the 
industry, as represented by our Society, will urge educational institutions to supply us 
with an adequate number of well-trained men, since the improvement of processes de- 
pends upon modern advancing technology. 

Let it be an aim of the coming year, and for many to follow, to be proud of our pro- 
fession, and of its past accomplishments, ever remembering that its future can only be 


assured by our present efforts and the preparation of the leaders who follow us. 


R. M. Hunrer 
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Practical Methods for Determining Impurities 
in Nickel Plating Baths | 


SILICA can be easily determined by either gravimetric 
or colorimetric methods. 


Colorimetrically, soluble silica is determined by mea- 
suring the amount of incident light absorbed by yellow 
silico-molybdate complex —the reaction product of 
ammonium molybdate and silicic acid. 


The gravimetric method requires that silica be de- 
hydrated with perchloric acid, filtered, ignited and 
weighed. After being volatilized with hydrofluoric acid 
and reweighed, difference in weight shows the true 
amount. 


SODIUM and POTASSIUM are revealed by using flame 
photometry. The diluted bath sample is atomized in 
the flame photometer. Intensity of the characteristic 
light of either sodium or potassium is measured with 
respect to a standard. Concentration of the ion in the 
diluted sample is read off a calibration curve. 


CADMIUM can be determined after copper and iron are 
removed by precipitation with cupferron and extrac- 
tion with amyl acetate. Cadmium is precipitated with 
2-mercaptobenzothiazole in an ammoniacal solution 
and extracted with chloroform. Then it is returned to 
an aqueous medium by shaking the extract with hydro- 
chloric acid. The solution is made strongly alkaline 
with sodium hydroxide solution and the cadmium is 
extracted with a carbon tetrachloride solution of dithi- 
zone. After dilution, the extinction of the colored sys- 
tem is measured. 


ALUMINUM may be determined colorimetrically after 
removing interfering metals. Color of the aluminon 
lake is developed by adding aluminon and a buffer to 
adjust pH to 5.5 and transmittancy of the lake is mea- 
sured with a colorimeter. 


AMMONIUM is separated from the bath by alkali treat- 
ment and steam distillation with a micro Kjeldahl ap- 
paratus. The ammonia is treated with Nessler’s reagent, 
and the color developed is measured photometrically. 


CHROMIUM: To determine chromate chromium, any 
reducing agents are oxidized with nitric acid. Diphenyl- 
carbazide is added, the transmittancy of the solution 
is measured, and the amount of CrO; present as chro- 
mate read off a calibration curve. 


For total chromium, any iron, organic compounds, re- 
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ducing agents, and chlorides are removed, after which | 
the chromium is oxidized with ammonium persulfate, 
Transmittancy of the solution is measured and the 
amount of CrO; read off a calibration curve. 


ZINC is determined colorimetrically. Copper and iron | 
are first removed; then heavy metal impurities includ- 
ing nickel are complexed with sodium di(B-hydroxy- 
ethyl )dithiocarbomate. Zinc dithizonate is formed in | 
the presence of these complexes, when a carbon tetra- 
chloride solution of dithizone is added. After removal | 
of excess dithizone, zinc is determined colorimetrically, | 


CALCIUM is determined by precipitating the heavy | 
metals as hydroxides, and then separating the calcium | 
from the filtrate by precipitating it as the oxalate at a 
controlled pH. The calcium oxalate is converted to 
oxalic acid, and the acid is allowed to reduce a known 
amount of potassium permanganate. Transmittancy of } 
the residual potassium permanganate solution is then 
measured. 


= 


A.E.S. RESEARCH PROGRAM 


The American Electroplaters’ Society is conducting a 
comprehensive research program and has developed 
useful information on current plating problems. Inter- 
national Nickel, in addition to its other support of this 
program, feels that it will be a further service to make 

copies of these A.E.S. Research Reports available. 





For an authoritative, detailed, 84-page study of this ” 
subject, we offer you a free copy of the A.E.S. Research 
Report, Serial No. 6, entitled “Determination of Im- 
purities in Electroplating Solutions.” Use the coupon 
now. 











geeemreernenenesemsenns 
! 
1 The International Nickel Company, Inc. | 
: Dept. JES, 67 Wall Street 
' New York 5, N. Y. 
' Please send me a copy of A.E.S. Research Re- 
port, Serial No. 6, entitled “Determination 
! of Impurities in Electroplating Solutions.” 
1 | 
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Anodie Corrosion of Lead in H.SO. Solutions’ 


J. J. LANDER 


Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


Pure lead was anodized at various constant potentials in sulfuric acid solutions. At 
potentials below those for PbO: formation, a layer of tetragonal PbO is formed near the 
lead. PbSO, is formed as an outer layer. The rate of corrosion of Pb was found to in- 
crease with increasing temperature and decreasing acid concentration and is given by 
the equation: w = ct". At constant time, weight loss is related to potential by the equa- 


tion: log w = 
formed. 


INTRODUCTION 

This experimental work was conducted in an at- 
tempt obtain fundamental information which 
might be applied in retarding corrosion of the posi- 
tive grid in the lead-acid battery. This grid is sub- 
jected to severe anodic corrosion which may result 
in disintegration of the grid structure and failure 
of the battery. It is a problem of primary importance, 
especially because some recent applications require 
thinner grids in order to obtain greater high-rate 
apacities. 


to 


Previous investigators have usually used constant 
current methods in corrosion studies, but because 
there are at least three possible corrosion products 
of lead, depending on potential, and because the 
positive grids of batteries which are on float in tele- 
phone service operate under essentially different po- 
tential conditions and are much less rapidly corroded 
than the positives of those in cycling service, it was 
decided to study rates at constant potentials under 
various conditions of temperature and acid concen- 
tration. It was hoped that the data could be ana- 
lyzed and compared with the various theoretical 
equations for rate processes, thus deriving some 
knowledge about the corrosion mechanism. 

Similar work has been reported (1) previously 
which involved potentials different from the range 
studied here. 


EXPERIMENTAL 


“Baker’s Analyzed” granular lead (about 99.97% 
pure) was melted in a clean glass beaker, cast into 
slugs in a steel mold, and cold-rolled to a thickness 
of 0.051 em (0.02 in.) between polished steel rolls. 
Samples, cut always to the same dimensions giving a 
total area of 34 em? (13.4 in.2) were maintained at 
several constant potentials in sulfuric acid solutions 

‘Manuscript received June 15, 1950. This paper prepared 


for delivery before the Buffalo Meeting, October 11 to 13, 
1950. 
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A + BV. At higher potentials a protective film, presumably PbOs, is 


in the range covering about one volt below the re- 
versible potentials for the PbO.-PbSO, couple. Some 
work was also done at potentials above that for 
PbO, formation. The sulfuric acid was used in con- 
centrations of 40, 30, and 10 per cent by weight, and 
two constant temperatures: 30° and 50°C (86° and 
122°F) were employed. The rates of attack were 
followed either by stripping the film in ammonium 
acetate solution and determining weight loss directly 
or by recording the currents flowing through the 
samples. By checking measured weight losses against 
those calculated from Faraday’s law, it was estab- 
lished that the law, calculated for the reaction: 
Pb — Pb** + 2e, applies at potentials below those 
for PbO, formation. X-ray analyses of the film 
substance were obtained by methods previously 
used (2). 

The circuit diagram of the apparatus used for 
maintaining constant potential is shown in Fig. 1. 
A resistor R,, consisting of several feet of copper wire, 
was connected in series with the variable resistors 
R; and Rg, so that currents producing potential 
drops up to 1.1 volts across R; could be made to flow. 
B, the sample to be anodized, was contained in a 
beaker of sulfuric acid electrolyte, and could be 
connected to any position on R,; through Roe, a two- 
ohm resistor, from which leads ran to a G.E. po- 
tentiometer recorder. A and A’ were sections of 
positive plate from a lead-acid cell, having a capacity 
such that currents of the magnitude drawn by the 
samples produced no polarization. They were con- 
nected by switches 8, and 8, to either end of the 
slide wire so that a given potential, anodic or ca- 
thodie to that of the PbO. plate, could be applied 
to the sample. C was a mercury-mercurous sulfate 
reference electrode, the tip of which was kept within 
1 mm of the sample. The contribution to the po- 
tential by the ohmic resistance between sample and 
reference electrode was estimated to be considerably 
less than 1 mv for a current of 10 ma. The reference 
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electrode and the sample were connected to a Rubi- 
con Null-point potentiometer. The sample potential 
was adjusted manually by sliding the contact from 
R», along R,; and by adjusting the resistors R; and 
2,. Potentials were controlled to within +0.01 volt 
and variations within this range did not introduce 
significant errors. Current-time curves were plotted 
from the record, and weight-loss vs. time curves 
were then calculated using small increments of the 
area under the curve and Faraday’s law. 


10 0.C R, 





Rs 
































Fig. 1. Diagram of apparatus 
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Nernst equation for the reactions: 
Pb + H.O — PbO + 2H* + 2¢e 
and 


Pb + 2H.O — Pb(OH). + 2Ht + 2e. 


{RESULTS AND DISCUSSION 

The first experiment was preliminary in nature, 
Weighed samples were run at a series of potentials 
from 0.70 to 1.55 volts in 40 per cent by weight acid 
at 30°C (86°F). Individual samples were removed at 
various times up to seven hours, the films stripped 
off, and the weight loss determined. The results are 
shown in Fig. 2. About half the points recorded are 
mean values for two or more samples. The samples 
began to gas oxygen visibly at 1.40 volts. 

These results show that the rate of attack increases 
rapidly with potential and reaches a maximum at 
about 1.0-1.1 volts, after which it falls off giving a 
broad minimum from about 1.2 to 1.5 volts. At 1.55 
volts the rate begins to increase rapidly again. This 
behavior is shown in Fig. 3, where weight losses at 
the end of three and seven hours are plotted against 
the potential. It is noteworthy that the reversible 
potential for the PbO», PbSO,4 couple lies at 1.18 for 
this solution. X-ray patterns obtained for these 
samples showed that the heavier coats (1.0 volts, 
seven hours) consisted primarily of PbSO, on the 
surface, even though the samples were reddish brown 
in color. No pattern could be obtained for the films 
formed at the higher voltages, possibly because they 
were too thin. 


TABLE I. Potentials of various electrodes referred to the Hg, Hg2SO, electrode in 40.8% H2SO, at 20°C 


30°C 


Electrode E° 

PbOs, PbSO, +1.685 
Hg, HgeSO, +0.615 
Pb, PbO +0. 250 
Pb, Pb(OH),. +(), 242 
Pb, PbSO, 0.355 


All voltages are referred to the mercury-mercurous 
sulfate electrode in 40.8 per cent sulfuric acid at 
20°C, which has a potential of +0.566 to the stand- 
ard hydrogen electrode. For purposes of orientation 
the reversible potentials of the several couples under 
the various experimental conditions with respect to 
this electrode are given in Table I. Standard poten- 
tials are also included. These values were all caleu- 
lated from the data of Harned and Hamer (3) except 
for the Pb, PbO, and Pb, Pb(OH), couples for which 
Es were calculated using the free energy data 
from Latimer (4) and the other values using the 


+1.063 
+0. 104 
-0.348 
—0.357 
0.865 


Concentration of H2SO,4 


30% 40% 

50°C 30°C 50°C 30°C 50°C 
+1.058 +1.135 +1.131 +1.181 +1.177 
+().099 +().038 +0.031 +().000 —().004 
—().351 —0.306 —().306 —().280 —().277 
—().360 —().312 —(0.312 —().280 —().277 
—0.873 —0.933 —(). 942 —().970 —().979 


The minimum? in the weight-loss vs. potential 
curve shows that the film formed above the PbO, 
PbSO, reversible potential is protective. Several 
samples were run for periods up to 16 and 24 hours. 
The weight losses were still very low as shown in 
Table Il, where the data for 3 and 7 hours are also 
given for comparison. Based on weight losses these 
films may be estimated to be 300-3000 A. thick. 
Oxygen must be discharged either at the lead surface 

2 This minimum is also exhibited at lower concentrations 
and higher temperatures. See the data for 1.3 volts, 10% 
acid, and 50°C (122°F), Fig. 7. 
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or the film surface, and since the films are protective, 
the latter situation is quite likely. If this is true, the 
film is a good electronic conductor and probably 








32 1 
| ZB 
30 + ' | 
4 } 
28 
26 A 
VOLTS 
2 x-=07 T 
0-08 | Ns 
. | 470.9 
> oO-1 
€ 20 c ° he } 
: 12 5 | 
° @=13 i) | 
& 
- Q=14 | 
é e155 | 
> 6 ae 4 4 
$ 4 
3 
, i t © 
z 4 
¥ 12 “ 9 
10) 
8 
6 
4 
27 





os) 

e 

> 
a 
a 
_ 


TIME (hours) 


Fic. 2. Rate of attack of Pb anodes at constant poten 
ial in 40% H-SO, at 30°C. 


ANODIC CORROSION OF LEAD 














/ ° T 
24 ~ — 








AIT {ITI 
e \ X = 3 HOURS * 
. \ © = 7 HOURS | 

| 





= 














S| 
—_—}-___4+___+4 





WEIGHT LOSS (mg/34 sq cm) 
o @& 
= 
rr 














\ 
\ 
\ 
: A_|N\\ 
\ 
\ 








WAL a4 /* 






























































| 
, ee 
P PbO. , PbSo,g 
REVERSIBLE POTENTIAL ~| 
= ae 





0.4 0.5 06 07 0868 O98 10 8.1 12 13 14 15 1.6 


POTENTIAL (VOLTS) 
Fic. 3. Total attack of Pb anodes after 3 and after 7 
hours in 46°07 H.SO, at 30°C. 


consists of PbO, which has a conductivity approach- 
ing that of metals. 

Next a few samples were anodized for 25 hours at 
several potentials in the range 1.0 to 0.0 volt in 


bo 
— 
or 


several concentrations of acid at several tempera- 
tures. X-ray analysis showed that the grayish-white 
surface film obtained was almost entirely PbSO,. 


TABLE II. Weight losses for Pb anodes (mg/34 em?) in 40% 
HSO, at 30°C (86°F) 


Potential (volts 
Time (hours 


1.2 1.3 1.4 
3 7.1 5.7 5.0 
7 9.5 6.2 7.0 
16 9.5 9.4 9.1 
24 11.8 9.9 


It was loosely adherent and could be wiped off with 
cotton or a soft wooden wedge, whereupon a brown 
to black underfilm was exposed, which x-ray analysis 
proved to be tetragonal PbO. This film is either very 
unreactive or is protected to a considerable degree 
by the covering PbSO, film from chemical reaction 
with the electrolyte. The PbO film was observed at 
potentials as low as 0.1 volt and under all conditions 
of temperature and concentration. This potential 
corresponds approximately to the maximum oxidiz- 
ing potential employed by Wolf and Bonilla (1). 

Most of the experimental work was concerned with 
corrosion rate studies at constant potentials in the 
range 1.0 to —0.1 volt. Rate curves were determined 
for periods up to 25 hours for 30 per cent and 10 per 
cent acid both at 30° and 50°C (86° and 122°F). The 
weight-loss data calculated from the current-time 
curves for the four sets of conditions are given in 
Fig. 4, 5, 6, and 7. From a study of the data two 
results are apparent: increase in temperature and 
decrease in concentration both appreciably increase 
the rate of attack. 

On the basis of the facts that corrosion decreases 
with increasing acid concentration and that it is 
thermodynamically possible for water to furnish the 
oxygen for PbO formation, it might be considered 
that the water molecule itself could be the attacking 
agent from solution (i.e., not OH~ or other ions which 
may be furnished by water). If the weight losses for 
four and seven hours for the three concentrations at 
30°C (86°F) are plotted against the square of the 
activity of the water [calculated from vapor pressure 
data (5)], an approximately linear® relationship is 
found, as shown in Fig. 8. This analysis is by no 
means proof that the water molecule itself is directly 
involved but it is presented to indicate such a pos- 
sibility. 

3 An alternative method of plotting, i.e., log w vs. log a, 
may be used to indicate more nicely that the relationship is 
w vs. a?. This may be interpreted to mean that the electro 
chemical part of the corrosion reaction is: Pb + 2H.O — 
Pb(OH). + 2H* + 2e, followed by a chemical decomposi 
tion: Pbh(OH). — PbO + H.O. 
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Fig. 4. Rate of attack at constant potential in 30% 
H,SO, at 30°C. 
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H.SO, at 50°C. 


If the weight-loss vs. time data are plotted on log- 
log paper it is found that the curves are approxi- 
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mately linear after about two to five hours, the 
slopes of the curves varying from about 0.90 at the 
high potentials to about 0.55 at the low potentials, 
This is illustrated in Fig. 9, where the curves of Fig, 
6 are replotted. Thus the relationship between 
weight loss and time is approximately described by 
the equation: w = ct", where n may take on values 
of 0.55 to 0.90 under the various conditions and ¢ 
also takes on different values depending on condi- 
tions. 
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constant potential in 10% 


A result. which is probably more significant is ob- 
tained when log w at constant time is plotted against 
V. Fig. 10 shows such a plot at various times, again 
using the data from the curves of Fig. 6. These curves 
are linear within experimental error and those illus- 
trated are typical of the whole data. Consequently 
weight loss in the voltage range studied may further 
be described by the empirical relation: log w = A 
+ BV. The activation equation, which has been 
applied (6-10) to various other electrochemical sys- 
tems, can be indicated to be of the same form. We 
may use a simple form of the equation: 
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jan ae. (1) 


where: 7 = the true current density; 


k = a constant which is related to the 
specific reaction velocity constant, and 
may contain otlLer terms; 

a = a constant, the nature of which is 
still problematical; 

F = the Faraday; 

R = the gas constant; 

T = the absolute temperature; 

z = the electron change for the reaction; 
and 

V = the voltage. 
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Fic. 7. Rate of 
H:SO, at 50°C. 


attack at constant potential in 10% 


The total current, J, is equal to the current density 
times the true area, A, so: 


i «= AB". (11) 


Ifa film is formed and Faraday’s law applies, we may 


use: 
t 
n [ Idt, 
Jo 


w= 


(IIT) 
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where w is the weight of metal attacked, and n is 
the equivalent weight divided by the Faraday, to 
obtain for constant voltage: 


t 
w = nke“FY al | Adt. (IV) 
0 
This may be expressed in the log form: 
log w = log n + log k + log l Adt + ial (V) 


Evidently this equation contains both the ele- 
ments by which w is described experimentally... Al- 
though the integral term is not evaluated, it could 
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be concluded that the activation equation expresses 
the data, and that rates of attack of lead depend upon 
the activation energy‘ for the reaction itself®. The 
rates, however, are modified by modes of nucleation 
and growth of the film substance. 

Now the question may be examined as to whether 
such knowledge as has been obtained indicates lines 


‘Tf certain assumptions are made, the activation energy 
can be calculated to be of the order of 6000-8000 calories 
mole. 

5 For the process Fe — Fe(OH). in alkaline solutions 
this conclusion has been extended to infer that the film is 
porous and that the reaction is taking place at the metal- 
solution interface at the bottom of pores. See Kabanov and 
Leikis, Acta Physicochim. U.R.S.S., 21, 799 (1946). 
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of attack for further investigation of the corrosion 
problem. If it can be assumed that corrosion of the 
positive grids in a battery will depend on the vari- 





ables, potential, concentration, and temperature, in 
a way which is at least generally similar to the results 
found here, then evidently anything which can be 
done to keep the temperature down will slow down 
the corrosion rate. The concentration effect should 
be thoroughly investigated. However, if it were found 
that increasing the concentration resulted in appreci- 
ably better performance in a working battery as far 
as corrosion of the positive grid is concerned, the 


factors of self-discharge, charging efficiency, and 
capacity vs. life and rate would have to be investi- 
gated, particularly at the negative plate. Finally, a 
broader problem may also be indicated: determina- 
tion and evaluation of the factors which affect the 
activation energy, because rates are dependent on 
the activation energy in an exponential fashion and 
it is conceivable that even a small increase in its 
value might bring about an appreciable decrease in 
the corrosion rate. 


SUMMARY I 

At constant potentials in the range investigated, 
1.0 to —0.1 volt, tetragonal PbO is formed in contact 
with lead in sulfuric acid solutions. An outer layer 
of PbSO, is formed, probably by chemical reaction 
between HeSO, and the PbO layer. 

T} ..corrosion rate in this voltage range increases 
with increase in temperature and with decreasing 
acid concentration. The latter effect is explained by 
showing a linear relation between rate and the square 
of the activity of water in the electrolyte. 
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The weight-loss data are generally linear with time 
on a log-log plot and the following relation was 
found between weight loss in a given time and 
voltage: 


log w = A + BV. 


This is shown to be similar in form to the activation 
equation. 

At potentials from 1.20 to about 1.50 a protective 
film is formed, presumably consisting of PbOs. 
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Some Preliminary Studies of Positive Grid Corrosion in 


the Lead-Acid Cell’ 


J. J. LANDER 


Naval Research Laboratory, Washington, D. C. 


ABSTRACT 


Preliminary experiments in connection with positive grid corrosion in the lead-acid 


cell show: (a) PbO» and Pb undergo the solid phase reaction: PbO. + Pb 


> 2PbO; (b) 


an intermediate film of PbO, is formed at the positive plate which does not cycle to 


PbSO,; (c) the existence of an experimental relationship between grid growth and film 


formation; and (d) electrolyte concentration and time of cycle are important factors in 


corrosion under cycling conditions in constant-concentration acid. Explanations for 


these effects and the discharge and self-discharge reactions at the positive plate are 


offered. 


Certain problems concerning the negative plate in connection with the concentration 


effect are briefly reviewed. 


INTRODUCTION 


This paper is an account of some preliminary ex- 
periments on positive grid corrosion. The experi- 
ments were not a complete study of any of the 
phenomena encountered; however, the results and 
discussion included may be of value in stimulating 
further thought and research on the problem. 

The Solid Phase Pb —-> 


Reaction: PbO. + 2PbO 


During the course of work on the determination 
of the conductivity of PbO., it was observed that 
Pb-PbO, contacts gave poor and erratic conduc- 
tivity. Because of this the following experiment was 
performed: powdered Baker’s Analyzed PbO, was 
sandwiched between two freshly abraded, weighed 
lead sheets with proper contacts made to the lead so 
that the could 
determined. During the time necessary for making : 


resistance of the combination be 
measurement of the potential drop only, currents of 
about 15 ma/cem?* (100 ma/in.*) were passed. The 
time in a 
fashion shown in Fig. 1. After about 400 hours, the 
lead sheets were boiled in ammonium acetate solu- 


resistance was found to increase with 


tion and were found to have lost 8 and 19 mg/5.15 
em? (0.8 in.*). The experiment was repeated several 
times and although the reproducibility of the results 
Was poor, resistance was always found to increase 
with time and the lead sheets always gave a weight 
loss of the same order of magnitude. It was con- 
sidered that these results might be due to a solid 
phase reaction. In another experiment, granulated 
lead, freshly made by filing a lead block, was sealed 
in a glass bottle with the powdered PbO: and glass 

1 Manuscript received June 15, 1950. This paper prepared 


for delivery before the Buffalo Meeting, October 11 to 13, 
1950. 
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beads and rotated several days in a ball mill. The 
amount of lead used was in about two to one weight 
excess over the PbO» based on the above reaction. 
A sample of the starting material was subjected to 
x-ray analysis. The patterns of both components 
were easily identified. After six days the bottle was 
opened and the contents again subjected to x-ray 
analysis. The PbO, pattern was almost completely 
gone from the trace, while a very strong pattern for 
tetragonal PbO was present along with the Pb pat- 
tern somewhat reduced in intensity. It is concluded 
that PbO, undergoes a solid phase reaction with Pb, 
whereby the PbO, is reduced to tetragonal PbO while 
the Pb is oxidized to the same product. 

A possible mechanism for this reaction based on 
the Volta effect is offered. Since PbO, has a con- 
ductivity approaching that of metals a contact po- 
tential may exist between the phases which is set up 
by migration of electrons from Pb to PbO». These 
electrons satisfy some of the Pb*++ valence, releasing 
O— for reaction. Reaction of Pb++ and O— takes 
place at the interface and the PbO film continues to 
build up until its resistance becomes too high for 
passage of Pb**+, O--, or electrons. This reaction 
offers a possibility for the corrosion mechanism at 
the positive grid in a lead-acid cell and could account 
for some of the self-discharge at the positive plate. 


The ry, CAS 


also offers a mechanism for the dis- 
charge yeaction at the positive plate. During the 
discharge electrons are available from the negative 
plate as well as from the positive grid. They cross 
the Pb-PbO, interface and are distributed through- 
out the mass of the PbO, since it is a good conductor. 
At the solution interface O— is released for the 
reaction with H+ ions in the solution to form water, 
while the PbO formed at the surface of the particles 
reacts chemically with the H.SO, of the electrolyte. 
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At the negative plate Pb** ions are released for 
reaction with the electrolyte. 

Such a PbO.-Pb contact potential could be an 
important part of the total cell potential. 


Grid Growth 


As « part of another investigation, corrosion stud- 
ies Were made on certain alloys by cycling samples in 
sulfuric acid solution about the positive plate po- 
tential. It was always observed, whenever the cor- 
rosion film had been built up for a week or so, that 
even after long discharge periods there existed a 
black, shiny, hard, brittle, adherent film underneath 
the outer PbSO, film. This film is a good electrical 
conductor and was shown by x-ray analysis to be 
PbO. containing small amounts of PbO. Evidently 


HE 


LEAD-ACID CELL 


221 
better corrosion resistance than either the antimony 
alloy (6% by weight) or pure lead. Assuming that 
the mechanism given is responsible for growth, short- 
term tests were run in an effort to determine if there 
is a relation between corrosion and growth. These 
alloys were selected because the tin alloy corrodes 
at somewhat more than one half the rate for the 
antimony alloy and it has a tensile strength which 
is about one half that of the antimony alloy. 
Samples of each alloy were cold-rolled to different 
thicknesses and cut into strips of two different 
widths. These strips were weighed and shorted to a 
positive plate and immersed to a depth of 17 cm 
(6.69 in.) in sulfuric acid (80 and 40% by weight). 
The system was cycled automatically twice daily for 
20 days and the growth was measured from time to 
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this intermediate film was not being completely 
converted to PbSO, during the cycling process. 

It has been suggested (1) that, since the PbO, 
film has a higher specific volume than the under- 
lying metal, it may be subjecting the grid members 
to a tensile stress which might result in growth if 
the grid metal did not have enough strength or creep 
resistance. The hardness and adherence of the film 
is additionally indicative of the operation of such a 
mechanism which would be expected to be especially 
effective on soft alloys or pure lead’. 

The corrosion tests referred to above had been 
run on binary alloys of lead with tin and antimony. 
They showed that under the experimental conditions 
used a 4.5 per cent by weight tin alloy exhibited 

* See, for example, the results of tests made on pure lead 
grids (W. H. Power, et al., Naval Research Laboratory Re- 
port No. P-2908, January 9, 1947, Unclassified). 


time. The percentage elongation is plotted against 
time in Fig. 2. At the end of the period the films were 
stripped and their weight losses determined. Assum- 
ing uniform corrosion over the whole length, the 
depth of corrosion of the samples was calculated. 
This figure was divided by the cross-sectional area of 
the sample and the result plotted against the per 
cent final elongation as shown in Fig. 3. This plot 
resulted in a straight line for the 4.5 per cent Sn 
alloy and may be roughly linear for the Sb alloy. A 
more careful study should establish the nature of 
these curves. 

For purposes of discussion let it be assumed that 
the relationship is linear. Then by extrapolating the 
curves to zero per cent elongation it is found that 
the lines do not pass through the origin but have an 
intercept on the depth of corrosion per unit cross- 
sectional area axis. This is quite reasonable because 
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Values on Curves = Cross-Sectional Areas, 
Areas/cm of Length, and Total Weight — 
Losses in Grams, Respectively. Largest 
Total Elongation = 4 mm in 47cm, Each | 
Point = Avg of Two Samples. | 
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Fig. 2. Rate of growth of 4.5% Sn alloy and 6°; Sb alloy 
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Fic. 3. Relation between growth and film thickness and 
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there is a minimum tensile strength for elongation of 
metals and also a minimum load to induce creep. 
Furthermore, the slope of the Sn alloy line is greater 
than that drawn for the Sb alloy, which is again 
reasonable because these slopes should be related 


to the tensile strength or the creep resistance of the 
alloys. 

The growth factor should also be considered 
conjunction wiih film thickening. Experimental cells 
sometimes fail in spite of the fact that corrosion of the 
positive grid has progressed io a relatively small 
extent. This could be due to lack of contact between 
the grid and the active material caused by grid 
growth and lack of film formation. Antimonial grids 
not only grow at a slower rate but form the grid film 
faster so that contact is maintained between the 
active material and the grid. Thus a grid of the 4.5 
per cent Sn alloy should have its grid members 
spaced about twice as close as one made of the anti- 
mony alloy, because while it grows at about the 
same rate, the film thickens at about one half the 
rate. It should be pointed out that telephone bat- 
teries which had been on float for nine years ex- 
hibited appreciable looseness of the pellets in the 
positive grid structure, but actually gave satisfactory 
discharge characteristics (1), so that there may be 
other important factors involved. Nevertheless, fur- 
ther studies along these lines might be of consider- 
able value in grid design. 


The Effect of Electrolyte Concentration and Time of 
Cycle 


The previous paper (2) has shown the importance 
of electrolyte concentration in the rate of PbO for- 
mation at lead anodes under constant potential con- 
ditions. To determine whether the effect also obtains 
under conditions of cycling potential, and to see if 
corrosion rates depend on potential conditions on 
charge and discharge, and time of cycle, the following 
work was done. An apparatus was constructed by 
means of which samples could be maintained, during 
cycling, at various constant charge potentials and 
various constant discharge potentials relative to a 
positive plate immersed in the electrolyte. The posi- 
tive plates employed had sufficient capacity so that 
they were not polarized by currents of the magnitude 
drawn by the samples. The duration of the cycle 
could be varied between three minutes and forty- 
eight hours, and the ratio of charge to discharge 
time could be set at any desired value. The results 
detail. It is 
sufficient to state that considerable variation in cor- 


of these tests will not be covered 


rosion rates was obtained under different conditions. 
In general, a combination of high charge and high 
discharge potentials and shorter cycling times 
favored more rapid —o 

various total times for 
different time cycles as a a tion of concentration 
for 4.5 per cent Sn alloy, Pb, and 6 per cent Sb alloy, 
all cold-rolled. This test was conducted at room 
temperature with charge potential at +0.25 and 


Fig. 4 shows the results a 
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discharge potential at —0.10 and 55 per cent of the 
time on the charge part of the cycle. These potentials 
are referred to the potential of the positive plate in 
the solutions concerned. 

The tin alloy is shown to be more corrosion re- 
sistant than either Pb or Sn alloy under the condi- 
tions of the experiment. However, the most signifi- 
cant feature of these results is the effect of acid 
concentration on the corrosion rate. Increasing acid 
concentration from 10 per cent to 40 per cent results 
in decreased corrosion by a factor from 3 to 7 times. 
Thus it is shown, under certain cycling conditions 
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at least, that increasing concentration results in a 
decreased corrosion rate, just as it does under con- 
stant potential conditions. 

Further examination of these data*® shows that an 
increase in corrosion rate occurs as time of cycle is 
decreased. This is quite understandable when con- 
sidered in connection with the previceus data (2) 
where it is shown that the protective PbO, film is not 
established for one to eight hours or so, de ending 


Log-log plots of weight loss vs. water activity show 
slopes ranging between about two and four. From this and 
the previous rate-activity data (2), it might be predicted 
that a study of corrosion during early PbO» formation will 
show a rate dependency as the fourth power of the water 
activity. 
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to a considerable extent on concentration and tem- 
perature. Therefore it should be expected that this 
factor will operate to a small or negligible extent for 
very short time cycles and to an increasingly large 
extent as time duration of cycle increases beyond one 
to eight hours, depending on conditions. 


(SENERAL DISCUSSION 


As a result of this and the previous work (2) the 
following combination of mechanisms for corrosion 
at the positive lead grid is proposed. During charge, 
provided the potential does not become too high, a 
protective film of PbO. is built up more or less 
gradually at the lead surface. When the charge is 
stopped, or during discharge, electrons may move 
from the grid to the PbO, film, releasing O— ions for 
formation of PbO at the Pb-PbO,. interface. Fur- 
thermore, the PbO film becomes porous by fracture 
or recrystallization, whereupon the metal grid be- 
comes available for reaction with the water of the 
electrolyte to form more PbO. Thus, on stand or 
discharge, corrosion of the grid may proceed by the 
two mechanisms more or less at the same time. At a 
pure lead grid corrosion during the charge part of 
the cycle should be slow, except during the initial 
period necessary to establish the protective film. 
Corrosion by the solid phase reaction would seem 
to be of considerably less importance in terms of rate 
than corrosion by action of the electrolyte through 
pores in the film, on the basis of the magnitude of 
the concentration effect. 

Application of the concentration effect may prove 
to be of importance in extending battery life. How- 
ever, these tests were all run at constant concentra- 
tion, while in a battery concentration cycles over a 
considerable range. Thus, during discharge when 
potentials are shown to be most corrosive (2), water 
is being produced in the pores of the active material. 
Furthermore, during the first part of the charge the 
protective film may not be established and concen- 
tration of water in the pores is still at a comparatively 
high value, so that combination of these several 
factors may lead to a considerably smaller depend- 
ence of life on acid concentration in a cycling cell 
than might be indicated by the data obtained under 
constant concentration conditions. 

Temperature cycling may also affect the corrosion 
rate, not only because higher temperatures speed up 
the rate of reaction, but also because such a cycle 
may promote cracking of the film thus contributing 
to its porosity. 

On raising acid concentration, it is to be expected 
that self-discharge at the negative plate will be in- 
creased (3, 4), even for pure lead negative grids (5). 
However, it is indicated (5) that self-discharge is 
less at negatives with pure lead grids at high gravi- 
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ties, than at antimonial grids with lower gravities. 
Charging efficiency would also be expected to be 
decreased at the negative plate, leading to sulfation 
or hardening of the negative plate material. This is 
not necessarily a serious objection because it is ex- 
pected that sulfated negative plates can be brought 
back (6, 7), especially if antimony can be excluded 
from the cell. The foregoing discussion is based on 
the assumption that the tests conform in a general 
way at least to conditions in a cycling cell. It also 
should be considered that even the longest of these 
tests was of short duration compared to normal 
battery life. 


SUMMARY 


PbO, undergoes a solid phase reaction with Pb to 
form tetragonal PbO. A mechanism involving the 
Volta effect is proposed. A contact potential between 
Pb and PbO, may be an important part of the cell 
potential and explain self-discharge and the dis- 
charge reaction at the positive plate. 

An intermediate film of PbO. is formed by the 
corrosion process which does not cycle completely to 
PbSO,. Because of this it retains its compact nature 
and may in large measure be responsible for slowing 
down grid corrosion. 

Grid growth appears to be proportional to the 
depth of corrosion after an initial period. The initial 
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period and the rate of growth are probably charae- 
teristic of the tensile strength or creep resistance of 
the metal. 

Electrolyte concentration and cycle time are shown 
to be important factors in the corrosion process under 
constant-concentration conditions. These effects are 
discussed in terms of a cycling cell. 
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Bright Nickel Plating on Metallic Single Crystals in the 
Absence of Addition Agent”’ 


Henry LEIDHEISER, JR“, AND ALLAN T. GwATHMEY 


Cobb Chemical Laboratory, University of Virginia, Charlottesville, Virginia 


ABSTRACT 


Nickel was electrodeposited on electrolytically polished single crystal spheres of 
copper and nickel under a wide variety of experimental conditions. The deposit which 
formed on the (100) faces and on faces making a small angle with the (100) plane remained 
mirror bright to thicknesses of the deposit as great as 0.01 inch. The deposit which formed 
on the (111) faces and on faces making a small angle with the (111) plane became matte 
from the very start of deposition. X-ray analysis at grazing incidence indicated that the 
deposit on the (100) face remained monocrystalline, whereas the deposit on the (111) face 
was polycrystalline from the very start of deposition. The polycrystalline deposit rapidly 
assumed a (100) preferred orientation under the experimental conditions utilized. The 
following comparative characteristics of the two types of deposits were determined: 
composition by spectrographie analysis, current density and current efficiency during 
deposition, hardness, ductility, porosity, and corrosion resistance. The results may have 
application in the growth of nickel single crystals by electrodeposition. 


INTRODUCTION 


It is known that bright plating of metals is often 
accompanied by a preferred orientation of the de- 
posit. An outstanding example of this has recently 
been observed and the facts are presented herein as 
additional information useful in formulating a 
mechanism of bright plating. 


EXPERIMENTAL 


Single crystals of copper and nickel in the shape 
of spheres, 3 in. in diameter, with a shaft, 7’ in. in 
diameter and 3 in. long, were machined from long 
crystals grown from the melt (1). The spheres were 
mechanically polished with emery paper and elec- 
trolytically polished. Copper was polished electro- 
lytically in 42.5 per cent by volume phosphoric acid 
and nickel was electropolished in 70 per cent by 
weight sulfuric acid. Both methods of electropolish- 
ing produced very smooth surfaces as judged by 
observation, microscopically at 700. 

After removal from the polishing bath and washing 
under a stream of water, the crystals were immedi- 
ately placed in the plating bath and electrodeposition 
started at the desired current density’. In this man- 
ner grease and oxide films on the surface were reduced 
toa minimum. In all experiments even plating over 
the entire surface was obtained. 

‘Manuscript received October 30, 1950. This sennd pre 
pared for delivery before the Washington Meeting, April 
8 to 12, 1951. 

? The research reported in this paper was supported by a 
grant from the Research Corporation. 

* Present address: Virginia Institute for Scientifie Re- 
search, 326 North Boulevard, Richmond, Virginia. 

* All current densities are given in amp/dm?. To convert 
to amp/ft?, multiply by 9.29. 
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The plating experiments were conducted in 250- 
ml beakers or large crystallizing dishes. The anode 
was a thin sheet of nickel which was shaped to fit the 
inside surface of the glass container. The electrolyte 
described as a Watts bath contained NiSO,-6H.O 
240 g/l, NiCl-6H,O 45 g/l, and H;BO; 30 g/I. 
The solution was generally used at a pH of 3-4. As 
described later, this electrolyte was prepared from 
reagents of different purity with exactly the same 
results. 


RESULTS 


The majority of experiments were conducted on 
single crystals of copper but key experiments were 
also conducted on single crystals of nickel. In all 
cases the results with the nickel substrate were 
identical to those observed with the copper substrate. 
For convenience in discussion the experiments de- 
scribed will be confined to the electrodeposition of 
nickel on copper crystals. 

During these studies two important results were 
obtained: (a) the deposit formed on the (100) faces 
remained bright and smooth for long periods of time, 
whereas the deposit on the (111) faces became matte 
in appearance very shortly after the current was 
started; and (b) the deposit on the (100) face re- 
mained monocrystalline to great thicknesses whereas 
the (111) face became polycrystalline soon after 
deposition began. The following is a more detailed 
account of these results. 

Fig. 1 is a photograph of the results obtained when 
nickel was electrodeposited on copper single crystals 
from a Watts-type bath. The repetition of results on 
each octant of the surface causes the formation of a 
pattern from which the various faces may be identi- 
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fied. The dark (100) areas (2) are very smooth and 
thus reflect little light into the camera lens. The 
light (111) areas are rough on a microscopic scale and 
thus much diffuse light is reflected into the camera 
lens. 

Similar results were obtained over a wide range of 
experimental conditions. The same pattern in all 
respects was obtained over a current density range 
of 0.10-8.0 amp/dm*, a pH range of 0.5-5.5, and a 
temperature range of 20°-60°C, with and without 
agitation. No experiments were conducted above 8.0 
amp/dm*, but there is every reason to believe that 
the highest current density which would give a re- 
sult similar to that shown in Fig. 1 is consider- 
ably above this value. In experiments conducted 
above 0.8 amp/dm? the electrolyte was vigorously 
stirred in order to avoid effects of the depletion of 
nickel ions in the immediate neighborhood of the 
cathode. 


Fic. 1 
on copper sing!e erystals in a Watts-type bath. View normal 
to (111 


Typical nickel eleectrodeposition pattern formed 


In experiments conducted at room temperature 
and a pH of 3.3 the (111) areas became matte in 
5 minutes after the ex- 
periment was begun at 0.10 amp/dm? and immedi- 
ately in experiments conducted above 2.0 amp/dm?. 


appearance approximately 


The matte appearance changed to a granular, nodu- 
lar appearance as the deposit thickened and finally 
took on a very coarse granular appearance. In con- 
trast to this, the (100) areas remained very bright 
and shiny for thicknesses of the deposit. up to 0.01 
in. in some cases. The (100) area required 4 hours at 
1.0 amp/dm?* to assume a comparable granular ap- 
pearance that was observed in 15 minutes on the 
(111) face. In general, after the deposit was approxi- 
mately 0.005 in. thick, the brightness of the (100) 
area began to decrease in intensity but even after 
24 hours at 1.0 amp/dm? the (100) area was quite 
smooth and exhibited mirror-like reflections of ob- 
jects held near the surface. The difference in behavior 
of these two areas will be discussed later. 

Exactly similar results were observed in the Watts- 
type bath when the electrolyte was prepared from 
technical grade chemicals, from reagent grade chemi- 
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cals, and from nickel salts of reagent grade with very 
low cobalt content. In some cases the plating solu- 
tions were heated with nickel carbonate slurry. The 
solution was filtered and the pH was adjusted to the 
desired value with hydrochloric acid. This additional 
purification treatment did not have any effect on the 
deposition pattern which formed on the single crys- 
tals. Similar results were also obtained at low current 
densities from a bath containing NiSO4-6H.O 129 
g/l, NH,Cl 22.5 g/l, and H;BO; 30 g/l. A few ex- 
periments were also conducted with electrolytes con- 
taining only a pure nickel salt. Electrolytes prepared 
from either NiSO 4, NiCl, or Ni(NOs)s gave the same 
pattern at very low current densities in the initial 
stages of deposition, but the eventual pattern formed 
was dependent on the ions present in the bath. 
Preliminary x-ray photographs of the deposit in- 
dicated that the deposit in the (111) areas became 
polycrystalline a very short time after deposition 
started whereas the (100) areas remained monocrys- 
talline for long periods of time. A series of experi- 
ments was conducted at 4.0 amp/dm?*, room tem- 
perature, a pH of 3.3, and with moderate agitation 
to follow the character of the deposit as it increased 
in thickness. X-ray pictures were taken at grazing 
incidence with molybdenum white radiation at vari- 
ous times of deposition, and the surface structure 
was studied at the same points on the surface with a 
light microscope at a magnification of 700. In 
some instances with thick deposits, Laue back re- 
flection photographs were also taken. X-ray photo- 
graphs were taken after deposition times of 30 
seconds, 13, 5, 10, 30, 90, and 330 minutes. As shown 
in Fig. 2 and 3 the deposit in the (100) area after 
30 minutes was a perfect single crystal and the sur- 
face at a magnification of 700 was very smooth. 
After 90 minutes the (100) area showed signs of a 
slight decrease in brightness as shown in Fig. 4. The 
deposit was still essentially a single crystal with 
polycrystalline inclusions. Rings, indicative of poly- 
crystalline material, first. became visible on the x-ray 
photographs as shown in Fig. 5. The polycrystalline 
material was largely confined to the outer layers of 
the deposit as judged by the fact that the polyerys- 
talline rings were much more prominent when copper 
radiation was used in place of the molybdenum 
radiation. In the case of the (111) areas the deposit 
was matte from the very start of deposition. The 
x-ray nicture taken after 30 seconds of deposition 
indi: ated that the deposit was highly strained but 
there was no indication of polycrystalline rings. After 
13 minutes of deposition, the first faint signs of 
polycrystalline rings were apparent as shown in 


Fig. 6. Fig. 7 is a photomicrograph of the same area 
1 


after 1} minutes of deposition. It will be noted that 


the (111) area was much rougher after only 1} 
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minutes of deposition than the (100) area after 30 
minutes of deposition. The polycrystalline rings on 





Fic. 2. Glanecing angle x-ray picture of nickel deposit on 
100) face after deposition for 30 minutes at 4.0 amp/dm? 
Note that deposit is a perfect single crystal. 





Fic. 3. Photomicrograph of nickel deposit on (100) face 
after deposition for 30 minutes at 4.0 amp dm?. 700%. Note 
extreme smoothness of surface 





Fig. 4. Photomicrograph of nickel deposit on (100) face 
after deposition for 90 minutes at 4.0 amp/dm?. 700X. The 
illumination was oblique to bring out the slight roughness. 


the x-ray photographs of the (111) area became 
much more prominent with time and after 10 min- 
utes a definite (100) preferred orientation was de- 
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tected. Fig. 8 to 10 show the increase in roughness 
of the (111) area with time. The degree of orienta- 
tion increased as deposition proceeded and after 330 
minutes excellent (100) preferred orientation was 





Fic. 5. Glancing angle x-ray picture of nickel deposit on 
(100) face after deposition for 90 minutes at 4.0 amp/dm?. 





Fic. 6. Glancing angle x-ray picture of nickel deposit on 
(111) face after deposition for 14 minutes at 4.0 amp/dm?. 
Note first faint sign of polyerystalline ring. 





Fic. 7. Photomicrograph of nickel deposit on (111) face 


after deposition for 1} minutes at 4.0 amp/dm?. 700X. 


observed on deposits in both the (100) and (111) 
areas. After approximately 330 minutes of deposition 
the (100) and (111) areas were indistinguishable 
with the naked eye, microscopically, or from the 
X-ray photographs. 

The results of the x-ray study may be summarized 
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Fig. 8. 
after deposition for 30 minutes at 4.0 amp/dm?. 700X. 





Fig. 9. Photomicrograph of nickel deposit on (111) face 
after deposition for 90 minutes at 4.0 amp/dm?. 700X. 





Fig. 10. 


(100) area was the same in appearance. 


as follows: The deposit on the (100) area, which 


remained bright for long periods of time, continued 


Photomicrograph of nickel deposit on (111) face 


Photomicrograph of nickel deposit on (111) face 
after deposition for 330 minutes at 4.0 amp/dm?. 700. The 
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the orientation of the substrate and remained mono- 
crystalline. The disappearance of brightness after 
extended deposition times on the (100) face coin- 
cided with the first appearance of polycrystalline 
rings on the x-ray pictures. The deposit on the (111) 
face became polycrystalline immediately or very 
soon after deposition began. The formation of poly- 
crystalline material coincided with the development 
of a rough, matte surface. 

It was next of interest to determine the factor 
which was responsible for the different plating char- 
acteristics of the (100) and (111) areas. The follow- 
ing experiments were conducted to obtain a measure 
of the comparative current densities on the (100) and 
(111) faces during deposition. Plating experiments 
were conducted at various current densities for peri- 
ods of time until the very first signs of nickel were 
observed on the copper surface. In all instances it 
was observed that there was no detectable difference 
in the initial rate of deposition on the (100) and 
(111) faces. As judged also from the following experi- 
ments it appears that the average current density 
per apparent cm® was approximately the same on 
the (100) and (111) faces during the over-all deposi- 
tion time. During the course of this research several 
hundred plating experiments were conducted. In all 
instances it was necessary to abrade the nickel de- 
posit away before conducting another experiment. 
This was accomplished by clamping the shaft of the 
sphere in a chuck attached to an electric motor and 
holding strips of metallographic polishing papers 
against the sphere as it revolved. In each abrasion 
it was observed that the deposit was removed at the 
same over-all rate from both the (100) and (111) 
areas. In another experiment a sphere was plated at 
4.0 amp/dm? to a thickness of approximately 0.001 
inch. The sphere was then cut in half through the 
center of two (100) and four (111) areas. The hemis- 
phere was mounted in sealing wax to protect the 
edges during polishing, and the specimen was me- 
chanically polished and electrolytically etched. The 
thickness of the deposit was then determined under 
the microscope with the aid of a calibrated scale in 
the eyepiece of the microscope. It was observed that 
within the limits of measurement the thickness of 
the deposit was uniform over the entire surface. 
tough measurements were also made of the thick- 
ness of the deposit by the use of the chord method 
and it was found that the deposit was the same 
thickness in both the (100) and (111) areas. 

Experiments were carried out at room temperature 
and 1.0 amp/dm? at a pH of 2.0 and a pH of 4.0 on 
flat slices cut parallel to the (100) and (111) faces 
in order to determine the current efficiency on these 
faces. The copper single crystal slices were electro- 
lytically polished and the edges were stopped off 
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with a water proof varnish. The weight gain of the 
specimen was used as a measure of the current effi- 
ciency. The current efficiencies were approximately 
the same on both faces under these conditions, ap- 
proximately 88 per cent at pH 2, and approximately 
96 per cent at pH 4. 

As would be expected on the basis of grain size, 
the monocrystalline deposit in the (100) area was 
much softer than the polycrystalline (111) areas. 
Pin prick and pin scratch experiments indicated this 
in a qualitative manner. The appearance of slip lines 
in the (100) areas and the nonappearance of slip 
lines in the (111) areas offered evidence that the 
(100) area was monocrystalline and the (111) area 
was polycrystalline in many experiments in which 
x-ray analysis was not made. 

Spectrographic analysis of the deposit in the two 
areas indicated that the type of metallic trace im- 
purities in the (100) and (111) areas were essentially 
the same, but the (111) areas contained slightly 
larger amounts of some foreign metals. It should be 
pointed out, however, that the spectrographic analy- 
sis would give no indication of constituents or im- 
purities adsorbed on the copper surface before 
deposition was begun. 

Experiments were also conducted using half-wave 
rectified alternating current. The 115-volt line volt- 
age Was stepped down with a variable transformer 
and then passed through a copper-copper oxide rec- 
tifier. Experiments conducted at 0.1-0.4 amp/dm? 
indicated that as with direct current the (111) area 
became polycrystalline and the (100) area remained 
monocrystalline. However, the results differed in one 
important respect. In the case of the half-wave recti- 
fied current the deposit in the (100) area did not 
remain bright for more than approximately 10 min- 
utes. Brilliant light reflections then became visible 
from the (100) areas when a flashlight beam was 
directed normal to (100). Under the microscope small 
facets parallel to the (100) planes were observed. 
Thus in the case of direct current the deposit re- 
mained smooth without the development of facets, 
whereas facets developed rapidly on the (100) face 
when the current was interrupted 60 times a second. 

Several experiments were conducted to note the 
comparative corrosion resistance of the two surfaces. 
The following ‘corroding environments were used: 
10 per cent HCI, action of an alternating current in 
the Watts-type bath, and electrolytic etching in 
HNO;-acetic acid solution. In all instances the (111) 
area possessed the least corrosion resistance. It was 
observed after sectioning and microscopic examina- 
tion that channels were rapidly etched through the 
deposit to the copper substrate. In some instances 
the copper substrate deposited on the nickel surface 
in the (111) areas by metal replacement reaction. 
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DIscuUSSION 

The plating characteristics of the bright (100) 
areas differed in one major respect from those ob- 
tained with typical bright plating baths. The deposit 
in the (100) area would remain bright when deposi- 
tion was carried out on a bright copper or nickel 
substrate, but the bath did not have the ability to 
increase the brightness and smoothness relative to 
the substrate. Thus if the (100) area were purposely 
roughened by etching before deposition, the deposit 
did not become brighter with thickness of the de- 
posit. This fact suggests that the mechanism of bright 
plating with addition agents is different in principle 
than that observed on the (100) face. However, we 
feel that experiments such as these may help in 
understanding the mechanism of bright plating in 
general or in developing a new type of bright plating. 

The comparative properties of the nickel electro- 
deposit formed on the (100) and (111) faces are given 
in Table I. 


TABLE I 
Property of deposit (100) (111) 


Surface Smooth and 
ance mirror-bright 


Crystallinity 


appear- Matte and rough 


Single crystal Polyerystalline 


Current density Same on both | Same on both faces 
faces 

Current efficiency | Same on _ both | Same on both faces 
faces 

Hardness Soft Harder than (100) 


Ductility 
Porosity 


Excellent Less than (100) 


Compact plate Comparatively 


| porous 
Corrosion — resist- | Excellent Comparatively 
ance | poor 
' 


It is well known that deposits from a Watts-type 
bath tend to assume a (100) preferred orientation in 
many instances. It is not entirely unexpected to find 
that a (100) substrate possesses great power for 
orienting the deposit to the maximum amount—thus 
complete monocrystalline continuity between the 
substrate and the deposit. Copper and nickel both 
possess the same crystal structure, face-centered cu- 
bic, and the lattice constants are very similar. It 
would not be expected then that much strain would 
be present at the interface between copper and 
nickel in the (100) areas. This is borne out by the 
sharpness of the spots on the x-ray diffraction photo- 
graphs. For as yet unknown reasons the Watts-type 
electrolyte causes the crystals to orient so that (100) 
planes tend to lie parallel to the surface. This ten- 
dency presumably originates from the interaction 
of the electrolyte, or components in the electrolyte, 
with the surface because different orientations are 
obtained in other electrolytes (3). It is interesting to 
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note that in a previous study of the electrodeposition 
of copper on copper single crystals (2) the deposit 
on the (111) face remained monocrystalline whereas 
the deposit on the (100) face became polycrystalline 
as the deposit thickened. In the case of copper the 
monocrystalline deposit lost its bright appearance as 
the deposit increased in thickness. The relative ten- 
dencies of the deposits on the (100) and (111) faces 
to remain monocrystalline are different for nickel 
and copper in the plating solutions used in these 
studies. 

The results suggest strongly that the difference in 
plating characteristics of the (100) and (111) faces 
cannot be accounted for on the basis of differences in 
initial current density on the two faces or differences 
in average current density on the two faces during 
the course of deposition. The fact that appreciable 
strain, as judged from the x-ray results, was present 
in the nickel deposit on the (111) face after 30 see- 
onds of deposition at 4.0 amp/dm?, when the deposit 
was only approximately 4000 A thick, suggests that 
the first few atom layers may be deposited in a 
strained or polycrystalline manner. It should be 
pointed out that electron diffraction methods are 
best suited for the study of very thin deposits and 
that x-ray results represent an integration of effects 
over a considerable thickness. It appears that nickel 
atoms depositing on the (111) face meet a resistance 
of some sort which prevents them from assuming the 
stable position in layers continuing the structure of 
the substrate. It is impossible with the experimental 
data at hand to determine if this resistance is an 
abstract energy barrier or a barrier imposed by steric 
factors resulting from preferred adsorption of consti- 
tuents of the electrolyte on the geometric configura- 
tion representative of the (111) face of a face-cen- 
tered cubic structure. 

The striking lack of smoothness of the (100) area 
when half-wave rectified alternating current was 
used was unexpected. It is known that in some cases 
of commercial plating half-wave rectified current 
gives essentially the same results as direct current. 
The essential difference between the two types of 
current is that in the case of the half-wave rectified 
current 1/120 of a second elapses between current 
pulses. During this short interval the neutralized 
cations (nickel atoms) presumably have time to 
migrate to the most stable position. Many thousands 
of experiments on metallic single crystals in hundreds 
of different environments indicate that the stable 
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state of a metal surface undergoing change is one 
containing facets. The crystal faces that develop 
depend on the metal, the crystal face at the geo- 
metric surface, and the environment. In the case of 
direct current additional discharged cations would 
be continually striking the surface and thus would 
offer obstacles to the mobility of atoms already pres- 
ent on the surface. Nickel, with a high melting point 
and a high recrystallization temperature (ca. 600°C), 
would not be expected to have the mobility of lower 
melting metals such as copper and silver. This fact 
may be a partial explanation of why the phenomenon 
of a smooth surface in the absence of addition agent 
has not been observed previously in many experi- 
ments conducted on the electrodeposition of copper, 
silver, zinc, cadmium, indium, and lead on various 
metallic single crystals. In partial verification that 
the phenomenon of bright deposition on the (100) 
face is one of lack of mobility is the qualitative fact 
that the tendency to form facets on the (100) face 
after several hours increased somewhat as the current 
density was decreased. In a few experiments, con- 
ducted below 0.10 amp /dm?*, very small but recog- 
nizable facets were faintly visible under the micro- 
scope at 700X after 5 hours or more. However, even 
in these cases the (100) areas had a bright appear- 
ance. 

The results obtained in this study suggest that 
nickel single crystals may be prepared by electro- 
deposition. It is essential, however, that deposition 
be carried out on a copper or nickel seed crystal with 
a smooth, strain-free (100) surface. A few prelimi- 
nary experiments indicated that the high tempera- 
ture oxidation properties of monocrystalline nickel 
prepared by electrodeposition were essentially the 
same as those of a massive nickel single crystal pre- 
pared from the molten metal. 

Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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ABSTRACT 


Sn'* and Hg!! can be titrated amperometrically with tetraphenylarsonium chloride 
using the dropping mercury electrode as the indicator electrode. Procedures are given 
and the limitations of the method are discussed. 


The use of tetraphenylarsonium chloride (denoted 
as TPAC) as a reagent in the indirect determination 
of mercuric, stannic, cadmium, and zine ions has 
been described by Willard and Smith (1). These 
determinations involve formation of insoluble tet- 
salts of the 
of the metal ions and subsequent determination of 


raphenylarsonium chloro-complexes 
the excess TPAC by potentiometric titration with io- 
dine (2). 

Certain features of the reactions of TPAC with 
stannic and mercuric chlorocomplexes suggest their 
use in amperometric titrations. First, attainment of 
equilibrium is rapid. Second, the precipitates have a 
low solubility. Third, both mercuric and stannic ions 
vield suitable diffusion currents. 

The amperometric titration permits a direct de- 
termination of the metal ions and represents a con- 
siderable saving in time over the indirect method. 


DETERMINATION OF STANNIC ION 
This determination of tin is based on the reaction 


2(CsH;),As* +. SnCl¢ sed 





(¢ ‘eH5)sAs]Sn¢ ‘16. 


Current before the end point is derived from the 
stannic-stannous wave, which is catalyzed by TPAC 
(3). In 


measured at 


3N hydrochloric acid, the current may be 
—0.3 volt vs. S.C.E. 

Because tin must be in the form of the hexachloro- 
stannate complex to react with tetraphenylarsonium 
ion, a certain lower limit of chloride concentration is 
indicated for the titration. Furthermore, the acidity 
must be high enough to prevent hydrolysis of the 
hexachloro-complex. If both the acidity and chloride 
concentrations are less than 2N, quantitative pre- 
cipitation does not occur and the attainment of 
equilibrium is slow. If the concentration of chloride 
is 2-4./, good precipitation lines and precision are 


‘Manuscript received December 14, 1950. 


obtained even when the concentration of hydrogen 
ion is as low as LN. Above 4.7 chloride, the points 
on the precipitation line are not linearly related; in 
particular, currents obtained in the beginning of the 
precipitation are less than theoretical, but closer to 
the end point the current approaches the expected 
values. For best results, the chloride concentration 
should be maintained at approximately 3-4. 

The effects of variation in hydrogen-ion concen- 
tration are not as marked as the effects associated 
with chloride variations. In mixtures containing 
2-3. chloride which are 1N in acid the results are 
slightly higher and the titration curves are not as 
well defined as in 2N acid. In 5N acid the results 
tend to be a little low. The best range of acidity is 
between two and four normal. This acidity can be 
lowered to 1N without seriously affecting the results, 
at a total chloride concentration of 2-3N. 

Procedure 

Take for analysis a sample containing 60 to 180 mg 
of tin in the stannic state. Add sufficient hydrochloric 
acid to make the solution 2-4 in hydrogen ion when 
it is diluted to 100 ml. Note that the final chloride 
concentration should be 3-4N. Finally, dilute the 
mixture to 100-ml volumetric flask. 
Pipet 25.00 ml into a polarographic cell. 

Titrate with 0.05.7 TPAC solution added from a 
10-ml buret. Make the first addition of 
reagent immediately after assembling the titration 


volume in a 


calibrated 


unit and beginning the flow of nitrogen through the 
cell. Continue passage of nitrogen through the sys- 
tem for ten minutes to remove oxygen. Measure the 
—0.30 volt vs. S.C.E., and add a second 
portion of reagent. After passing nitrogen through 


current at 


for two minutes, make a second reading. Obtain 
three to five points on either side of the end point. 
Correct the observed currents for dilution and plot 
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the titration lines to determine the end point. Stand- 
ardize the reagent by the above procedure against 
0.01.M stannic solution. 


Results 


The results of several determinations are shown 
in Table I. The standard deviation of these results 
is +0.13 mg; the mean deviation +0.11 mg. The 
errors approach a random distribution about zero in 
the range 15-35 mg of tin. In the higher concentra- 
tions, viz., 35-50 mg of tin, a definite trend toward 
more negative results has been observed. The co- 
efficient of regression (4) of this trend has been de- 
termined to be —0.24 relative per cent error per 
millimolar concentration unit. Considerable improve- 
ment in precision is possible in the higher range if 
correction is made for this regression. 


TABLE I. Amperometric titrations of stannic tin 


(25.00 ml Sn!'Y solutions titrated in 3N HCl with 0.0453.M 
TPAC. Currents measured at —0.3 volt vs. S.C.E.) 
Tin taken 


Tin found Difference 


meg my my 
14.83 14.98 +0.15 
17.80 18.09 | +-(0).29 
20.77 20.88 +0.11 
23.73 23 . 64 —0.09 
26.70 26.73 +0.03 
29.67 29.88 +(0).21 
35.60 35.60 0.00 
35.54 —0.06 


Interfering Substances 


Substances which interfere with the amperometric 
titration of tin may be divided into three classes: 
(a) those that give polarographic currents at —0.3 
volt, (b) those that react with tetraphenylarsonium 
ion, and (c) those that complex tin to form ions 
which are not precipitated by the reagent. 

A list of ions which yield interfering polarographic 
currents includes ferric, mercuric, bismuth, anti- 
mony"! "4. arsenious, cupric, uranyl, molybdate, 
vanadate, and selenite ions. Lead, though reduced at 
a potential more negative than —0.3 volt, interferes 
by causing the reduction of tin to begin at more 
negative potentials (3). If lead is present in concen- 
trations of 0.005. or less, the titration may be made 
by measuring currents at —0.4 volt. 

Ions that precipitate tetraphenylarsonium ion and 
which must be absent include perchlorate, tungstate, 
permanganate, perrhenate, molybdate, iodide, bro- 
mide, fluoride, thiocyanate, bismuth, platinum, zinc, 
cadmium, thallic, and mercuric ions. Separation of 
tin from these ions with phenylarsonic acid is sug- 
gested, but the feasibility of this procedure has not 
been investigated. 
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A number of organic acids form stable complexes 
with stannic tin which are not precipitated by tetra- 
phenylarsonium ion and thus interfere with the am- 
perometric titration. Citrate and oxalate are particu- 
larly troublesome in this respect. However, Willard 
and Smith (1) found that moderate amounts of 
tartrate and acetate did not interfere with their 
method. Nitrate, sulfate, potassium, and sodium 
ions are without effect in the method. Phosphate 
interferes through a complexing action. 


DETERMINATION OF Mercuric Ion 


The amperometric titration of mercuric ion is 
ased on the reaction 


I 


> 


2(CeHs)sAst + HgCly— — [(CeHs)sAs]loHgCl.. 


The current before the end point is due to the two- 
electron reduction of chloromercuriate ion. The lower 
limit of potential for good mercuric diffusion current 
measurements is set by the potential at which the 
anodic chloride wave appears. In 3N hydrochloric 
acid, this is —0.10 volt vs. 8.C.E. At this potential 
only a small fraction of the oxygen dissolved in a 
solution is reduced. It is not necessary, therefore, 
to remove oxygen in the titration. 

As in the titration of stannic ion, so in this titra- 
tion the concentrations of hydrogen and chloride 
ions must be considered. At chloride concentrations 
below 2N, the results are low. The concentration of 
hydrogen ion has an effect upon the crystallinity of 
the precipitate. When [H*] is below 2N, the pre- 
cipitate is always voluminous and results tend to be 
low. Good accuracy and precision are obtained only 
when both chloride and hydrogen ion concentrations 
are greater than 2N. Best results are obtained in 
3N hydrochloric acid. If the concentration of hydro- 
chloric acid is increased much above 3N, the attain- 
ment of equilibrium is too slowly reached and the 
titration curves are not so well defined. 

In making the above investigation, ammonium 
chloride, nitric acid, and hydrochloric acid were 
used to prepare the various hydrogen ion-chloride 
ion mixtures. 


Procedure 


Take for analysis a sample containing 120 to 480 
mg of mercury in the mercuric state. Add sufficient 
hydrochloric acid to bring the concentration of this 
acid to 3N. (Note that, in special cases, hydrogen 
and chloride ions may be added independently 
through nitric acid and ammonium chloride, respec- 
tively, in order to bring [H*] and [Cl-] up to 3N.) 
Dilute the mixture to 100 ml in a volumetric flask. 
Pipet 25.00 ml into a 50-ml beaker. Add 0.05M 
TPAC from a 10-ml buret, and stir well. Allow 3 to 
4 minutes for the system to come to equilibrium after 
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the first addition of reagent before reading the cur- 
rent. After subsequent additions, | to 2 minutes is 
sufficient time for equilibrium to be reached. Estab- 
lish the titration lines with 4 or 5 points on either 
side of the end point. Correct the observed currents 
for dilution and plot the points to determine the end 


TABLE II. Amperometric titrations of mercuric ton 
25.00 ml Hg" solutions titrated in 3N HCl with 0.05M 
TPAC. Currents measured at —0.3 volt vs. 8.C.E.) 

Difference 


Hg!! taken Hg! found 


meg mg meg 
30.1 29.9 —().2 
29.6 0.5 
35.1 34.5 —0.6 
35.4 +0.3 
40.1 39.0 —1.1 
39.8 —0.3 
15.1 45.2 +0.1 
45.2 +0.1 
50.2 50.6 +0.4 
50.4 +().2 
55.2 55.2 0.0 
55.8 +0.6 
60.2 60.0 0.2 
60.0 —0.2 
65.2 64.3 —0.9 
64.8 —().4 
70.2 70.7 +0.5 
69.9 0.3 
75.2 74.6 —().6 
75.7 +0.5 
80.2 80.1 —0.1 
80.5 +-0.3 


point. Standardize the reagent by the above pro- 
cedure against 0.01.17 mercuric solution. 
Results 


The results of several determinations are shown in 
Table II. The standard deviation of these results is 
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+0.47 mg; the mean deviation is +0.38 mg. The 
errors are randomly distributed around zero in the 
range 30-80 mg; however, in samples containing 
more than 80 mg, the errors are significantly nega- 
tive. 


Interfering Substances 


Ions which yield cathodic currents at —0.10 volt, 
thus interfering with the mercury determination, 
include ferric, bismuth, cupric, uranyl, molybdate, 
vanadate, and selenite. As in the determination of 
tin, ions which precipitate with TPAC in 3N hydro- 
chloric acid interfere. Nitrate and sulfate are without 
effect. 


CADMIUM AND ZINC 


Attempts to determine cadmium accurately by 
amperometric titration with TPAC were unsuccess- 
ful. In a systematic study of the titration in various 
hydrogen ion-chloride ion mixtures, no conditions 
were found which yielded well-defined titration 
curves and reproducible results. Equilibrium was 
much more slowly attained in cadmium titrations 
than in mercuri¢e and stannic titrations. 

Since zine does not yield a diffusion current under 
conditions necessary to its titration with TPAC, this 
determination is not feasible. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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ABSTRACT 
Titanium dissolves rapidly in hydrofluoric acid according to the reaction: 2Ti 4 
6HF — 2TiF 


potassium permanganate solution and by 


+ 3H». The formation of the trifluoride was confirmed by titration with 
measurement of the volume of hydrogen 
evolved. The rate of dissolution, V, of titanium in hydrofluorie acid of concentrations 
0.02 O.2N V = 459N?/3 
mm*/em*min. For the acid between 0.2N and 1ON the equation becomes V = 88 + 473.\ 


bet ween and conforms with the empirical equation: 


mm*/em?min. Metal salts added to the acid during the dissolution of titanium increased 
Fe?*, Ni®*, Ag*, Cu2*, Au**, Pt**, that is, nearly the order 
of decreasing overvoltage of the corresponding metals. Mg?* proved to be inactive while 


the rate in the following order 


Pb?* hampered the dissolution reaction. The open-circuit potential of titanium became 
more anodic as the concentration of hydrofluoric acid varied from 0.0125N to 0.2N. The 
potential remained practically constant with concentrations higher than 0.2N (—0.768 
volt, hydrogen seale). A visible grayish blue film was formed on titanium in concentra 
tions below 0.5... The dissolution of titanium in hydrofluoric acid is probably an eleetro- 


chemical process, based on the activity of local elements. 





INTRODUCTION 


The literature covering corrosion data on titanium 
is limited, especially for comparatively pure tita- 
nium, and such data concern mostly the impure 
3), 


for 


brittle metal (1). Except for two papers (2, 
references are generally qualitative statements: 
instance, it has been reported that titanium is very 
soluble in hydrofluoric acid. None of the papers 
published thus far have dealt with the mechanism 
of dissolution. 

The present paper reports a quantitative study on 
the dissolution of titanium in hydrofluoric acid. The 
study includes the basic reaction of dissolution, rates 
of dissolution, effects of added salts, potential meas- 
urements, and a discussion of the mechanism of 
dissolution. 

Three kinds of titanium were used for this study: 
titanium I, obtained from Remington Arms in form 
of a rolled sheet 1.5 mm thick (nominal purity over 
99 per cent); titanium II, received from the Bureau 
of Mines as a sheet | mm thick, sintered from sponge 
by the Bureau (over 99.1 per cent); and titanium 
III, obtained from Battelle Memorial Institute in 
form of a rod 1.5 em in diameter, made by the iodide 
process (over 99.9 per cent). The purity is given 
according to the data of current literature (3, 4). 


‘Manuscript received September 11, 1950. This paper, 
based on a thesis submitted by P. C. Chen in partial ful 
fillment of the requirements for the Ph.D. degree to the 
Graduate School of the University of Missouri, prepared 
for delivery before the Detroit Meeting, October 9 to 12, 
1951. 
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Samples for the experiments were cut from these 
metals. 


THe Reaction oF DISSOLUTION 


As the metal dissolves quickly in hydrofluoric acid, 
the best method of evaluating the rate of dissolution 
is the measurement of hydrogen evolved. To do this, 
it is important to know the basic reaction. Two 
possibilities are: 


2Ti + 6GHF — 2TiF; + 3H, (I) 


and 


Ti + 4HF — Tiky + 2Hb. (IT) 


According to reaction (1), one gram atom of titanium 
would evolve 1.5 gram moles of hydrogen, whereas, 
for reaction (I1), 2 gram moles should be evolved. 
Thus it is possible to distinguish between the reac- 
tions by means of the hydrogen volume. 

This question arose because our qualitative tests 
showed that titanium ions of lower valency than 4 are 
formed during the dissolution in hydrofluoric acid, 
tuff and 
Ipsen (8), however, stated that titanium reacted 


but it is reported to be reaction (11) (5-7). 


according to reaction (II) when anhydrous hydrogen 
fluoride gas was used at about 700°C. Because of the 
ambiguity it seemed advisable to investigate the 
true nature of the reaction in question. 

Two methods of approach were used: (a) direct 
titration of the oxygen-free solution with potassium 
permanganate, and (b) measurement of the hydrogen 
volume obtained during the dissolution reaction. 


— 
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The volumetric titration of the titanium solution.— 
If the titanium metal dissolves in hydrofluoric acid 
to form trifluoride under the protection of an inert 
atmosphere, the trivalent ions thus obtained could 
be oxidized to tetravalent ions by a potassium per- 
manganate solution in the presence of sulfuric acid. 
The complete ionic and molecular equations of the 
titration reaction would be as follows: 


MnO; + 8H* + 5e — Mn** + 4H2O 
5TB+ — 5Ti* + 5e 
5Ti*+ + 8H*+ + MnO; — 
5Ti*+ + Mn*+ + 4H.O (IIT) 
5TIF; + 8SHF + KMnO, — 
5TiF, + MnF, + KF + 4HLO. (IV) 


Therefore, if the dissolution of titanium occurs ac- 
cording to reaction (1), the titration reaction (IV) 
should be correct. The titrations of solutions of 
titanium I showed a discrepancy of —3.62 per cent 
(average of 6 determinations) between the sample 
weight and the titanium determined by titration. 

It was important to know whether the discrepancy 
of —3.62 per cent was the result of the presence of 
oxygen in the apparatus, although CO, used as inert 
gas was passed through a CrCl, solution, or because 
of impurities in the titanium. 

A weighed sample of titanium was dissolved in the 
presence of zinc amalgam in a small bulb (9). Two 
ml of 6.NV sulfuric acid were added to the 15 ml of LV 
hydrofluoric acid to insure the reducing activity of 
the amalgam. Separate tests showed that titanium 
goes into solution also in sulfuric acid with lower 
valency than 4. After the titanium metal had com- 
pletely dissolved in the acid, the greenish-yellow 
solution was transferred into an Erlenmeyer flask 
and the amalgam was washed. The whole apparatus 
was airtight and no oxygen could enter the flask or 
bulb. The titration was carried out with a 0.1N 
KMnQ, solution (1 ml of the solution was equivalent 
to 47.90 * 10-4 g Ti) while a stream of CO. was 
turned on. The titanium solution was kept in motion 
by a magnetic stirrer. 

The results of 4 titrations showed that there is 
still a discrepancy of —2.34 per cent. To check this 
result the volume of hydrogen evolved was measured. 

The gasometric determination of titanium; purity of 
titanium.—As the dissolution of titanium in hydro- 
fluorie acid occurs most likely according to reaction 
(1), one mg titanium is equivalent to 0.702 ml H, gas 
at standard conditions (atomic weight of Ti = 
47.90). This ratio must be checked by experiments. 
On the other hand, the purity of the titanium under 
question can be determined from the deviations, if 
any, from the ratio mentioned. 

The apparatus used for this purpose is shown in 
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Fig. 1. A previous experiment revealed that 1.5N 
hydrofluoric acid attacked Pyrex glass at a rate of 
0.57 mg/cm* hr, for the first 24 hours. Although the 
rate of attack decreased gradually in the course of 
time, the inside walls of the reaction flask were lined 
with paraffin to protect them as well as possible 
from this attack. The rotational speed of the stir- 
ring rod was about 250 revolutions per minute. The 
hydrogen evolved was collected over water. The 
reaction flask was placed in a water bath at 25° + 
0.1°C, 
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Fic. 1. Apparatus for determining the ratio between 
titanium dissolved and hydrogen evolved and also for de 
termining the rate of dissolution of titanium in hydro- 
fluoric acid. A—Ti sample on the ebonite foot of the stirrer, 
B—stirrer with mercury closure, C—paraffin lining, D 
funnel for introducing pure Ne and reagents, E—constant 
temperature water bath (25°C), F—rubber cap, G—gas 
buret with leveling bulb, H—valve for the outlet of gas. 


The first runs showed that it is necessary to remove 
the oxygen from the apparatus, since the following 
reaction occurred with a contraction in volume: 


‘TiF; + 4HF + O. > 4TiF, + 2H.0O. (V) 


In addition, titanium may act catalytically in the 
formation of water from oxygen and liberated hy- 
drogen. Therefore, the air in the apparatus (Fig. 1) 
was replaced by nitrogen before the experiment. 
Qualitative tests showed that the nitrogen contained 
only traces of oxygen. 

A sample of titanium I, polished and cleaned, was 
accurately weighed and glued to the ebonite foot of 
the stirrer by means of plastic cement. The flask was 
filled with 75 ml of 1N hydrofluoric acid (C.P. 
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analyzed) and the stirrer B inserted. This was held 
temporarily in an elevated position so that the 
sample was above the acid level. Nitrogen was intro- 
duced through D for a period of at least 10 minutes 
(it eseaped through the valve H). When the flask 
reached the temperature of the water bath, the 
stirrer was lowered and put into rotation, the valves 
were closed, and the hydrogen measured by lowering 
of the level bulb. The volume of gas was reduced to 
standard dry conditions (see Table 1). 

These results show clearly that during the disso- 
lution only trivalent titanium ions are formed (Ti**). 
The discrepancy might be less by approximately 0.3 
per cent because of some loss of hydrogen and prob- 


TABLE I. Volume of hydrogen obtained by dissolution of 
titanium in HF. Volume calculated from equation (1) 
Titanium —- He observed He calculated) Discrepancy 

me ml ml q 

I 208 .92 145.10 146.65 —1.06 

257 .00 176.12 180.41 —2.38 

200.00 135.86 140.93 —3.60 

231.05 157.39 162.20 —2.96 

Average —2.50 

Il 228 . 50 157.15 160.41 —2.03 

214.75 149.45 150.75 —0.86 

207 .38 143.58 145.58 —1.37 

216.55 149.62 152 02 —1.58 

Average —1.46 

Ill 125.00 87.36 87.75 —0.44 

213.90 148.89 150.16 —(0).84 

237 .30 166.97 166.58 +0). 23 

216.00 150.47 151.63 —(0).78 

240.50 168 .56 168.83 —().16 

Average —0.39 


ably because of some oxygen remaining in the nitro- 
gen and in the acid, which caused the decrease in 
volume due to reaction (V). If the estimated 0.3 per 
cent is added to the discrepancy values of Table I, 
one will get a lower discrepancy of —2.2 per cent for 
titanium I, which agrees well with the value obtained 
by direct titration, —2.34 per cent. The titanium 
samples may not have the purity claimed. The 
presence of impurities could even be observed in the 
first two samples of Table I: some black residue al- 
ways remained after the dissolving of titanium, most 
likely consisting of carbon according to the litera- 
ture (3, 4). The fluctuations of results in different 
runs (Table I) can be explained well by the variation 
in purity of separate samples. 
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The Rate of Dissolution of Titanium in 


Hydrofluoric Acid 


The investigation of the rate of dissolution was 
based solely on the collection and measurement. of 
the volume of hydrogen gas liberated. The method 
applied was described earlier (10). The apparatus 
shown in Fig. 1 was used. Squares were cut. from 
titanium I, filed down to the exact dimension of | 
cm’, and mounted in Bakelite in such a manner as 
to expose only the 1 cm? face. Superfluous Bakelite 
was ground away. The surface to be exposed to the 
acid was ground with emery paper and polished with 
a polishing wheel and levigated aluminum oxide, 
Two titanium samples were used for each concen- 
tration of the acid to give the average rate of disso- 
lution. The rate (V) was calculated in mm*/cm?min 
from the gas volume (vp) reduced to standard con- 
ditions: 


Ave 


V = , 
AtF 


(1) 
Titanium I was used in 
plentiful supply on hand. 

Fourteen different concentrations of hydrofluoric 
acid were used: 0.02, 0.04, 0.08, 0.2, 0.5, 1, 2, 3, 4, 
5, 6, 7, 8, and 10N. Each run started with an induc- 


all runs because ‘of the 


tion period, which was shorter in acids of lower 
concentration. After a flat maximum, lasting for a 
longer period of time in more concentrated acids, the 
reaction rate decreased slowly. For instance, in the 
case of dissolution in 0.02N acid the maximum rate 
was reached in 30 minutes. The maximum was sharp 
and the average rate of two runs was 34.6. In 5N acid 
the induction period lasted 60-80 minutes, the maxi- 
mum was flat, and the average rate was 2540 mm?/ 
em’*min. The sample surfaces, after dissolution in 
dilute acids (0.02 to 0.5N), exhibited a dark bluish 
gray film. 

In Fig. 2 the average maximum rates were plotted 
against the concentration of the acid. The curve con- 
sisted of two separate parts: a straight line repre- 
senting rates in acid of concentrations higher than 
0.2N and a curve for the lower concentrations. For 
these concentrations (0.02, 0.04, and O0.08N) the 
rate of dissolution conforms to the following em- 
pirical expression: 


, V = 459(N)?’. (2) 


For acids more concentrated than 0.2N, the rate of 
dissolution can be expressed by 


V = 88 + 473N. (3) 


The comparison between the rates calculated by 
equations (2) and (3) and those observed are shown 
in Table II. The curve obtained resembles the disso- 
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jution curves of other metals, e.g., Al in NaON, 
KOH, or Ba(OH)» (10, 11). 


Influence of Foreign Ions in the Acid on the Rates of 
Dissolution 


The process of dissolution of titanium in hydroflu- 
orice acid might be of chemical or of electrochemical 
nature. There are several experimental methods to 
distinguish between these two possibilities: (a) by 
measuring the rate of dissolution of titanium in the 
presence of metallic impurities more noble than ti- 
tanium itself; (b) by potential measurements of the 
dissolving metal; and (c) by the statement of the 
presence of the difference effect. 

To investigate the first possibility, the change in 
the rate was observed when a metallic salt solution 
was introduced to the acid during the dissolution 
process in the apparatus shown in Fig. 1. One ml of 


TABLE II. Observed and calculated rates of dissolution V of 
titanium I in HF of various concentrations at 25°C 


nome " om mm? so min 4 A% 
0.02* 34.4 33.9 +0.5 +1.4 
0.04 50.5 53.7 —$.2 —6.3 
0.08 } 89.0 85.3 +3.7 +4.2 
0.2t | 183 183 +0.0 +0.0 
0.5 | 332 325 +7 2.2 
1 | 588 | 561 +27 +4.5 
2 | 1047 1034 +13 +1.3 
3 | 1659 1507 +152 +10.0 
4 | 1970 1980 —10 —0.5 
5 | 2540 2453 +93 +3.8 
6 | 2054 | 2926 +28 +0.9 
7 3490 | 3399 +91 2.6 
8 3490 | 3872 —382 9.9 
10 4660 1818 —158 —3.5 


* Equation (2). 
t Equation (3). 


0.1M metallic salt solution was added through the 
funnel D when the rate of dissolution of the ti- 
tanium sample was decreasing. This moment was 
chosen in order to be quite sure about the effect 
produced by the salt. Only 1N hydrofluoric acid was 
used throughout this series of tests (at 25°C). To 
avoid the dilution of the acid by the additional re- 
agent, an equal amount (1 ml) of 2N hydrofluoric acid 
was premixed with the salt solution (1N, fresh acid, 
added alone did not influence the rate). Immediately 
after introduction of the mixture into the reaction 
flask, the valves were closed and readings of the gas 
volume started. The stirring mechanism was working 
all the time during these operations. Eight different 
additional reagents were used: PtCly, AuCl;, CuSO,, 
AgNO;, NiSOy, FeSO, Mg(CH;COO)., and Pb- 
(NO;)2. Two typical runs are shown in Table III. 
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The platinum increased the rate by 364 per cent but 
it dropped very rapidly, while the nickel increased it 
only by 23 per cent and the rate decreased slowly. 
The effects of the eight additions are summarized in 
Table IV. The percentages obtained are averages of 
2 to 4 runs. 


TABLE III. The effect of addition of PtCl, and of NiSO, to 
1N HF on the velocity of dissolution of titanium I at 25°C 


Salt Time min ve ml V mm?/cm? min 

PtCl, 165 90.6 542 
180 98.7 540 
195 106.8 540 

0 0 —* 
15 37.6 2508 
30 49.5 794 
45 60.5 733 
60 70.2 648 
75 79.9 648 
NiSO, 120 69.4 565 
135 78.2 586 
150 86.8 573 

0 0 —f 
15 10.6 708 
30 21.3 713 
45 31.5 680 
60 41.8 686 
75 51.9 674 


* PtCl, solution added. 
t NiSO, solution added. 


TABLE IV. The effect of salts, added to 1N HF, on the rate 


of dissolution of titanium. Hydrogen overvoltage in volts 


Hydrogen overvoltage of metals 


in volts (12) 


Ions of the salts C ae rate 


€ 


1 amp/dm? 10 amp/dm? 


Pt** ; 364 0.03 0.04 
Au*+ 72.9 0.39 0.59 
Cu** , 67.9 0.58 0.85 
Agt 30.8 0.76 0.88 
Ni?+ 24.1 0.76 1.05 
Fe?* 5.4 0.56 0.82 
Mg?* —2.7 

Pb?* —5.5* 1.09 1.18 


* PbF, partly precipitated from the solution; but it is 
believed that there were Pb** enough to be plated out on 
the Ti. 


Table IV shows the relationship between the ve- 
locity of dissolution and the overvoltage of the nobler 
metal (13) precipitated on titanium: the highest 
acceleration in the rate is obtained by Pt* (low 
hydrogen overvoltage on platinum), and the lowest 
by Pb** (high overvoltage on lead). Only iron is 
slightly out of the series. The overvoltage is a func- 
tion of current density and in some cases (lead) it 
rises very rapidly with the current, in other cases 
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(silver) not. But the overvoltage of a local cathode is 
always less anodic than the potential of the dis- 
solving metal. The influence of the anion seems to be 
without effect, if the salts are present in small 
quantities, because Mg(CH;COO), and KCI, added 
to the acid, did not change the rate of dissolution. 


PorENTIAL MEASUREMENTS AND THE SURFACE FILM 
ON ‘TITANTUM 

Potential measurements and observations on the 
current density produced by a metallic electrode are 
of great value for the explanation of the mechanism 
of dissolution. 

The potential developed by titanium in dissolving 
to Ti**, equation (1), was measured in hydrofluoric 
acid of various concentrations up to 1N (see Table 


TABLE V. Dissolution potential «' of titanium in HF in 
the presence of aur 
Hydrogen scale 
on he ante e’ in volts 
Ist reading Max negative reading 
0.0125 0.160 0.646 
0.025 0.187 0.637 
0.05 0.587 0.656 
0.1 0.665 0.699 
0.2 0.778 0.778 
0.3 0.769 0.769 
0.4 0.758 0.758 
0.5 0.767 0.767 
0.6 0.761 0.770 
0.8 0.768 0.768 
1.0 0.769 0.769 


V). The determinations were made by measuring the 
emf of the cell 


Ti |} HF |} 1N KCL) IN KCl, Hg.Clh || Hg. 

The measurements were performed in the presence 
of air since some tests made in nitrogen revealed that 
the difference in readings is within the error limits 
(+0.005 volt). The figures in Table V represent dis- 
solution potentials, since the titanium dissolved dur- 
ing the measurements and e’, being a function of the 
rate of dissolution, fluctuated, because the rate was 
not constant during the measurements. 

Table V 
centrations the reading obtained just after dipping 


shows further that in acids of low con- 


the metal into the acid was considerably less anodic 
than the values obtained some hours later. Further, 
above 0.2N acid the potential of titanium was in- 
dependent of the concentration of the acid (in hy- 
drochloric and sulfuric acid the behavior of titanium 
was different). These facts speak in favor of the 
presence of a film on dissolving titanium as already 
mentioned above. The film became just visible in 
0.5N acid, darkened with decreasing concentration 
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of the acid, and showed a grayish blue color in 
0.2N acid. That is the point where the potential 
started to become more noble. Further, the presence 
of a film could be proved by the following experi- 
ment, which also can be taken as a proof of the 
electrochemical conception of dissolution of metals 
in acids. The maximum current produced by a milli- 
ammeter short-circuited Ti| HF | Pt cell came just 
after the circuit was closed and when the acid was 
less than 0.2N. The current decreased rapidly to 
zero. For 0.2N acid and above, the current reached 
its maximum only after approximately one hour 
and then decreased gradually in the course of time. 
In 1N acid a current of 0.1 amp could be drawn from 
the small cell. The polarization affects the current 
appreciably only below 0.2N, where the dark film 
could be observed on the metal surface. The nature 
of the film was not established. 


CONCLUSIONS 

All the facts mentioned and the experiments just 
described showed that the dissolution of titanium 
in hydrofluoric acid might be an electrochemical 
process, the velocity of which is determined by the 
activity of local cells. Thus, the picture of the dis- 
solution of titanium in hydrofluoric acid is as fol- 
lows. The dissolving metal is covered by a porous 
film the thickness of which decreases considerably 
(the pores widen simultaneously) when the concen- 
tration of the acid is above 0.2N. The dissolution 
process of titanium occurs in these pores through 
the activity of local elements, the cathodes of which 
are the impurities in titanium. The film on the metal 
may act as cathode only in case it has a low electrical 
resistance and a low overvoltage. Since the emf of a 
local cell is e&’ — 7 and its total resistance is r the 
average current produced by a cell is: 


n is the hydrogen overvoltage. The three variables 
e’, n, and r are functions of the current 7. If there are 


2’ active elements on unit area of dissolving titanium 
the total current produced will be 


z’ is the number of local elements in the pores not 
shielded by the protective film (z is the total number 
of elements per em?). In this 2’ is incorporated the 
whole theory of W. J. Miiller (14). To express the 
rate of dissolution according to equation (1), a factor 
k must be added (15, 16): 


Vo &’* 3 (4) 
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This equation explains the observations described 
in the present paper. For example, platinum (Table 
IV) acted so violently because of the low overvoltage 
of the cathodes of the local cells. The platinum pre- 
cipitated rapidly because of the reaction? 
Pt + 4Ti** > Pt + 4Ti*. (VI) 
However, only part of the platinum precipitated in 
the pores of the film on the titanium: 


3Pt** + 4 Ti— 3Pt + 4Ti**. (VII) 


And even this part fell down quickly because of the 
poor adhesion or undermining. Therefore, the num- 
ber of acting local cathodes in the pores decreased 
the rate of dissolution rapidly and simultaneously. 
The precipitate was on the bottom of the vessel. 
The same occurred in the case of Au*+, Cu®+, and 

















Ag+. Of course, the influence on the rate of dis- 
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Fig. 2. Rate of dissolution of titanium in different con 


centrations of HF. A: 0-10N; B: 0-O.5N. 


solution of titanium was lower because of the de- 
creasing emf of the local elements. In the case of 
Ni-, Fe-, and Pb-cations only the titanium metal 
served as reducing agent, equation (VII). The pre- 
cipitation of these metals on the surface of titanium 
was, therefore, slow and the acceleration effect small 
but continuous (constant and low 2’, low emf). 
No precipitate was observed on the bottom of the 
The Pbt* even hampered the dissolution 
process. Magnesium, being more anodic than ti- 
tanium, did not influence the rate, which decreased 
in the normal way. 


vessel. 


The curve of Fig. 2 can be explained as follows: 
at low concentrations of the acid the rate is low 

* The side reaction 3Ti** + Ti — 4Ti* 
with a low velocity because of the low concentration of 
Tit*, 


can proceed only 
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(small z’, low emf, high r). With increasing acid 
concentrations two things happen: the pores of the 
film widen (increasing 2’) and the emf of the local 
cells rises (increasing e’, Table V), both contributing 
to the velocity of dissolution (curved part of Fig. 
2). At concentrations higher than 0.2, e’ remains 
nearly constant (Table V), so that only the widening 
of the pores (increasing 2’) in the film increases the 
rate, resulting in the straight line part of Fig. 2. 
The thickness of the film and, therefore, the width 
of the pores depend on the concentration of the acid, 
since at higher concentrations the breakdown or the 
solubility of the film in the acid is better. The re- 
sistance of the acid is of minor importance, because 
hydrofluoric acid is weak and has, therefore, as 
compared with hydrochloric acid, a high resistance 
(17), the changes of which do not influence appreci- 
ably the current produced by the local elements. 

A further proof in favor of the local element theory, 
to be published later, is the difference effect observed 
on titanium. 

Some experiments showed that the pure titanium 
III had a higher rate of dissolution than did titanium 
I. This is not in contradiction with the theory, 
because titanium I evidently contains an alloying 
element which slows down the rate of dissolution of 
pure titanium (18, 19). 
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The Kinetics of the Oxidation of Cobalt’ 


Eart A. GULBRANSEN AND KENNETH F. ANDREW 


Westinghouse Research Laboratories, East Pittsburgh, Pennsylvania 


ABSTRACT 


The kineties of oxidation of cobalt is a complex problem since the metal forms two or 


more oxides and the metal itself has a phase transition from hexagonal to face-centered 
cubic at a temperature between 300° and 500°C. 

The vacuum microbalance method is used to study the effect of time, temperature, 
pressure, pretreatment, etc., on the rate of the reaction at temperatures below 700°C. 
The hexagonal (cold-worked) form of cobalt was found to oxidize more rapidly than the 
cubie (annealed) form. The rate of reaction was found to increase abruptly between 600° 
and 700°C. The rate data are interpreted in terms of the transition state theory and the 
energy and entropy of activation for the reaction calculated. 

Valensi has discussed the oxidation mechanism above 700°C in terms of diffusion of 
oxygen through the oxide lattice. Electron diffraction studies on the solid phase reaction 
of Co,0, + Co to give 4CoO indicate that the cobalt diffuses through the oxide at tem- 
peratures as low as 450°C. An alternate mechanism to that proposed by Valensi is sug- 
gested to account for the reaction based on the diffusion of cations and electrons. 


INTRODUCTION 

This paper presents the results of a kinetic study 
of the oxidation of cobalt over the temperature 
range of 200° to 700°C. Such a study is of interest 
since a number of high temperature and high strength 
alloys contain cobalt. It is also of interest from a 
scientific and theoretical point of view since cobalt 
is one of a number of metals forming multiple oxides 
and one of a few metals having a structural trans- 
formation occurring in the temperature region most 
important in oxidation. 

One may predict that cobalt has some degree of 
oxidation resistance since the volume ratio of the 
oxide to the metal is greater than unity (27). The 
other favorable factor in its general behavior with 
gases is that the metal does not react with nitrogen 
or hydrogen. However, a number of unfavorable 
factors are: (a) the oxides are readily reduced by 
hydrogen or carbon monoxide, (b) the oxides Co.O; 
and Co;O,4 are unstable at elevated temperatures, 
(c) solid phase reactions of the oxide with the metal 
are favorable thermodynamically at all temper- 
atures, and (d) the crystal structure transformation 
of the hexagona] close-packed structure to the face- 
centered cubic structure occurs at 430°C. 

Literature Survey 

Kinetics —The reaction of cobalt with 
above 600°C has been studied by a number of 
workers. Hatfield (16) found that oxygen reacted 
with cobalt between 700° and 1000°C at a faster 

‘Manuscript received December 28, 1950. This paper 
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oxygen 


rate than it did with nickel but slower than with 
iron. Dunn and Wilkins (5) found the reaction to 
follow the predictions of the parabolic rate law and 
the Arrhenius law. Valensi (31) showed that the 
oxidation of cobalt above 600°C followed the par- 
abolic rate law, corrected for the speed of an inter- 
face reaction, for freshly cleaned specimens up to 
900°C. Contamination of the samples by the at- 
mosphere was found to be a major effect. Correlation 
of the data with those of Johns and Baldwin (19) 
indicates a definite change in the mechanism of 
reaction. Valensi (31) interprets the data in terms of 
an oxide predominately CoO above 700°C and Co;0, 
below 700°C. Oxygen is assumed to diffuse through 
the oxide and no cation movement is indicated. 

The velocity of oxidation of CoO to Co;0, has 
been studied by Chauvenet (4) and by Johns and 
Baldwin (19). Chauvenet (4) finds the data to fit 
the parabolic rate law and calculates an energy of 
activation of 23,950 calories per mole. The data for 
this reaction have been analyzed by Valensi (31) 
and by Johns and Baldwin (19) in terms of Valensi’s 
theory (32) but they do not fit the theory. 

McAdam and Geil (22) have studied the rate of 
oxidation by observing the time for the appearance 
of the several temper colors at different temperatures. 
At 300°C cobalt oxidizes at a slower rate than iron 
but faster than nickel, aluminum, tungsten, and vana- 
dium. 

Stability and structure of the oxides—Natta and 
Strada (25) have shown the existence of the three 
oxides CoO, Co;0;, and Co:0;. CoO has the face- 
centered cubic structure (NaCl type) with a = 
1.22 A; CoO, (17) has the spinel type of structure 
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with a = 8.108 A; and Co.O; (25) has a hexagonal 
structure with a = 4.64 A and c/a = 1.24. 

LeBlane and Mobius (21) have studied CoO and 
its system with oxygen. Co;0, is formed only if 
CoO is reacted above 100°C and below the de- 
composition temperature for Co;04 with Oo. Co,0,4 
in turn can react with O. to form Co;,04-mO. with- 
out forming Co.Q;. Co.0; can be prepared only 
through precipitation of a solution of Co*+* with 
OH~ and not by dry oxidation. 

An x-ray study of cobalt oxidized in air (385°- 
800°C) (2) shows that the main part of the oxide 
layer consists of CoO in contact with the metal and 
a small amount of Co,0, on the surface. At low 
temperatures the relative amount of Co,O, increases. 
Arkharov and Graevskii (1) noted the lattice spac- 
ings for CoO at the boundary with Co to be 4.2508 
A, while at the boundary with air a value of 4.2548 
A was observed. They conclude that the growth of 
CoO occurs by the diffusion of oxygen inward. 

Arkharov and Lomakin (3) show that below 890°C 
the film consists of a thin layer of Co;O, and a thicker 
film of CoO, while above 890° C only CoO is present. 

Crystal structure transformation in cobalt.—Hull 
(18) first showed that cobalt exists in both the face- 
centered cubic and hexagonal close-packed modi- 
fications. Edwards and Lipson (7) in an x-ray study 
have shown that above 500°C the cubie form is 
stable. Upon cooling to 300°C the hexagonal struc- 
ture is formed to a small extent. As the temperature 
is lowered to room temperature about equal amounts 
of the two phases form. The authors conclude that 
the free energy of the two phases are almost equal 
below 500°C and that the approach to equilibrium 
is governed by other factors including crystal grain 
size. 

In a recent study Troiano and Tokich (30) show 
that heat treatment above the transition temperature 
suppresses the cubic to hexagonal transformation on 
cooling to room temperature for rapid quenches and 
that it is possible to prepare essentially cubic cobalt. 
Cold working of cobalt produces the hexagonal phase 
indicating that deformation is involved in the trans- 
formation mechanism. 

Nishiyama (26) has studied the effect of polishing 
on the crystal structure of the cobalt. It is shown 
that the effect is greatest at the surface in that the 
hexagonal phase is formed while the interior retained 
the cubic phase. 


Thermodynamic Calculations 


Several types of reactions are of interest in this 
study. These are (a) the direct formation of the 
several oxides, (b) the equilibrium between the 
several oxides and oxygen, (c) the equilibrium be- 
tween the several oxides and the metal, and (d) 
the reduction of the oxides by hydrogen. 
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The free energy of the reaction CoO @ Co + 
30. is calculated from an equation given by Shibata 
and Mori (28): 


AF® = 57,423 + 2.00 T logiy T 
— 0.00025 T? — 24.74 T. 


The free energy of the reaction Co;0, —@ 3CoO + 
50» is caleulated from an equation given by Watan- 
abe (35): 


AF® = 38,972 + 1.73 T logiy T 
— 0.00025 T? — 36.07 T, 


The second equation based on observations at tem- 
peratures between 800° and 970°C has been essen- 
tially checked by Gulbransen and Andrew (9) in the 
temperature range of 600° to 740°C using McLeod 
gauge pressure measurements. 


TABLE I. Equilibrium calculations on cobalt reactions 


Reaction References 
1. Co(s) + 40.(g) = CoO(s) 29 
2. 3Co(s) + 202(g) = Co;0,(s 9, 35 
3. Co;O,4(s) & 38CoO(s) + 402(q) 9, 29, 35 
4. Co;,0,(s) + Co(s) @ 4CoO(s) 9, 29, 35 
5. CoO(s) + He(g) = Cols) + H:O(g) 20, 29 
6. Co;O,4(s) + 4Ho(g) = 3Co(s) + 4H-O(g) 9, 20, 35 
7. Co,0,4(s) + He(g) @ 3CoO(s) + H.O(q) 9, 20, 29, 35 
| | . 
Temp | log | A ~ a | sd log “log len 
. pOr | pOs On kK” | PHO/ | PERO | 5H:0/H: 
9 2 
25 | 75.4 | 67.35 | 43.2 | 16.1 | 2.38 | 6.41 | 18.5 
200 44.5 38.92 | 22.2 11.15 | 2.10 | 4.89 | 13.26 
100 28.84 | 24.54 | 11.64 8.60 1.91 | 4.06 10.51 
600 20.42 16.78 5.88 | 7.27 | 1.74 | 3.56 | 9.01 
800 15.10 11.89 2.26 6.42 | 1.63 | 3.23 8.05 
1000, 11.48 8.57 —.166 5.82 1.53 2.99 7.35 


Table I shows the equations for which the free 
energy is calculated together with the results and 
literature references for the other data used in the 
calculations. The logarithms of the decomposition 
pressures or pressure ratios of water to hydrogen 
are tabulated as a function of the temperature in 
°C for the several reactions. The logarithms of the 
equilibrium constant K are tabulated for the solid 
phase reaction of the metal with the oxide. 

The results show the following: (a) CoO is stable 
to direct decomposition over the temperature range 
25° to 1000°C and in high vacua, (b) Co,0, de- 
composes to CoO and O» in vacua of the order of 
10-° atm at temperatures of 500°C or greater, (c) 
the solid phase reaction of Co;0, with cobalt is 
feasible at all temperatures, and (d) the reduction 
of CoO and Co;0, with hydrogen is feasible even in 


atmospheres containing large amounts of water 


vapor. 
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EXPERIMENTAL PROCEDURES 
Samples 
The cobalt metal was prepared here from com- 
mercial cobalt rondels obtained from the African 
Metals Corporation. The rondels were melted to an 
ingot deoxidizing with 0.2 per cent CaSi. Table Il 
shows chemical analyses of the ingot. 


TABLE II. Chemical analyses of cobalt 


Chemical analyses (Nominal 


Si 0.05 

Mn 0.08 

P 0.001 

s 0.012 

Ke 0.21 

Ni 0.45 

Cu 0.05 

Al 0.05 

Pb < .01 

O. 0.005 (approx. 
Cc 0.01 

Co remainder 


TABLE III. Preparation procedures and crystal structure of 


cobalt specimens 


Group Abrading procedures Annealing procedures Crystal structure 
l Ground and ab- | None 
raded 1/0 to 
4/0 under ker 
osene. Washed 


Hexagonal 


close-packed 


with soap and 
water, distilled 
water, petro- 
leum ether and 
absolute alco- 


hol. 

2 Same as above | 24 Hours at Face-centered 
475°C in vae cubic plus 
uum 10-* mm small amount 
of Hg of hexagonal 

3. Same as above | 6 Hours at 885°C Equal mixture 
invacuum10~-* of two phases 
mm of Hg 

} Same as above Exposed to con Hexagonal 


tamination for close-packed 
2 weeks in 

room atmos 

phere 


A section was cut from the bottom of the ingot 
and hot rolled to 0.0762 em. The strip was ground 
on both sides to 0.050 em and the specimens cut 
out and machined to size. The specimens weigh 
0.6500 g and have projected surface areas of 3.4 
em’, 

To test the influence of the crystal structure and 
the effect of atmospheric contamination several 
groups of specimens were prepared. The abrading 
and preparation procedures are shown in Table III. 
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The samples cannot be abraded after annealing if 
the formation of the hexagonal phase is to be pre- 
vented. The crystal structure of the several groups 
of specimens was determined by x-ray diffraction 
analyses and tabulated in Table III. 


Apparatus and Methods 


The vacuum microbalance (10) and associated 
equipment was used for all of the kinetic measure- 
ments. The sensitivity of the balance was 0.91 di- 
visions per microgram and the weight change was 
estimated to 0.25 microgram. The methods used for 
carrying out the experiments and the purification of 
the gases have been described (11-13). 


RESULTS AND DIscUSSION 
High Vacuum Reaction 


The procedures used for minimizing the initial 
film formation prior to reaction have been described 
(12). In brief, the specimens are heated to the 
reaction temperature, as rapidly as possible, in the 
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Fig. 1. Reaction of Co with 7.6 em of Hg of On; effeet of 
temperature (200°-550°C ). 


apparatus at 10-® mm of Hg or less. No weight gain 
is observed on heating the cobalt specimens to 850°C 
over a period of 2 hours so it is possible to heat the 
cobalt to the reaction temperature without forming 
more than a few angstroms of oxide. 


Reaction with Oxygen 


The reaction is studied as a function of time, 
temperature, pressure, and pretreatment. The results 
are shown in Fig. 1 to 5 and Fig. 8, and in Tables 
IV to VII. Assuming the ratio of the real to measured 
area to be unity (p = 1) and the oxide to be CoO, 
the thickness in angstroms is related to the weight 
gain in micrograms per em? by the factor 71.3. 
Since the oxide is not CoO alone, but a mixture of 
CoO and Co;0, whose composition is not known, 
this factor may be in error by 1 to 10 per cent. 

Time and temperature—hexagonal structure.—Fig. 
1 and 2 show the time course of the oxidation for the 
cold-worked samples (hexagonal at start) over the 
temperature range of 200° to 550°C and 500° to 
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750°C, and for a pressure of 7.6 em of Hg. Typical 
oxidation rate curves are found except for the 750°C 
curve of Fig. 2. After an initial period this oxidation 
experiment shows an increasing rate of reaction over 
the time range studied. Table ITV shows a corre- 
lation of the film thickness, the color of the oxide, 
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Fic. 2. Reaction of Co with 7.6 em of Hg of O.; effect. of 


temperature (500°-750°C 
TABLE IV. Color vs. thickness, oxidation of cobalt, cubie 
and hexagonal forms 

Thickness (2 hours . 

Temp Color ce fe 
( 
pe/cm Angstrom cooling 
p=1 
\. Hexagonal form at start 

200 1.73 122 bright stable 
300 20.4 1,442 blue-pink stable 
350) 2.0 3,680 
100 97.7 6,910 blue-st raw stable 
150 132 9,340 metallic gray stable 
500 179 12,680 
550 320 22,600 dark gray stable 
600 119 22,960 grav-black unstable 
650 143 31,300 grav-black unstable 
700 347 24,600 gray-black unstable 
750 3200 156,000 brown stable 


B. Cubie form + small amount of hexagonal form 
annealed 475°C, 24 hr 


300 8.75 619 blue-green stable 
350 23.6 1670 pale blue stable 
100 30.0 2120 pale blue stable 
500 124.0 8760 

600 310.0 21925 gray-black unstable 
700 135.0 30800 gray -black unstable 


and the stability of the film to cracking on cooling 
for 2-hour experiments. 

The oxide layer is stable to cracking on cooling for 
those oxidations carried out below 600°C. For the 
2-hour oxidations 600° and 
750°C the oxides flake off of the surface on cooling. 


carried out between 


At 750°C the oxide which was formed appeared to 
be stable to cracking on cooling. 





June 1951 


The oxidation reaction between 550° and 700°C 
has a small temperature dependence. Above 700°C 
the rate of reaction changes rapidly as the temper- 
ature is increased. 

Fig. 3 shows a comparison of the oxidation of 
cobalt with that for iron, zirconium, titanium, and 
beryllium. At 400°C and for a pressure of 7.6 em 
of Hg the hexagonal form of cobalt oxidizes faster 
than the other metals. Except for iron this com- 
parison is in agreement with the results of McAdam 
and Geil (22). 
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Fic. 3. Comparison of oxidation reaction of Co, Fe, Ti 
Be, and Zr; 7.6 em of Hg of Ov, 400°C. 
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Fic. 4. Reaction of annealed Co with 7.6 em of Hg of 
0.2; effect of temperature (300°-500°C ). 


Time and Temperature—F ace-Centered 
Cubic Structure 


Fig. 4 and 5 show the time course of the oxidation 
for the group of samples annealed at 475°C for 2 
hours, for a pressure of 7.6 em of Hg. The crystal 
structure of the cobalt is largely the cubic structure 
plus a smaller amount of the hexagonal structure. 
The cubic modification has a slower rate of reaction 
than the hexagonal form over the temperature range 
of 200° to 550°C. 

The curves for the 500° and 600°C oxidations in 
Fig. 5 show an S-shaped curve after the initial oxygen 
uptake. This effect is not observed for the cold- 
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worked samples (hexagonal structure) or for the 
specimens annealed at 875°C for 6 hours which 
consist of an equal mixture of the hexagonal and 
cubic forms of cobalt. The reason for this effect is 
not understood although it is probably related to 
the crystal structure transformation occurring in 
this temperature region. 

Film thickness, color of the oxide, and stability of 
the oxide to cracking on cooling with the cubic 
cobalt are given in Table IV. The oxides formed at 
600° to 700°C are unstable upon cooling. In this 
sense the two preparations of cobalt behave in a 
similar manner. 

Fig. 3 shows the comparison of the oxidation 
behavior of the two preparations of cobalt with the 
oxidation curves of a number of other metals. 

A question may be raised as to whether the re- 
activity of the two forms of cobalt is due to the 
crystal structure or to an effect of the annealing 
procedure used in preparing the samples. In addi- 
tion to changing the crystal structure the annealing 
procedure may: (a) add an oxide film, (b) cause a 
change in the crystal size and orientation of the 
crystals, and (c) relieve the stresses caused by the 
cold working of the cobalt. Several experiments are 
made to test the presence or absence of these dis- 
turbing effects. 

One annealed specimen is treated with Hy, at 
600°C for one hour to remove any oxide film formed 
in the vacuum annealing procedure. A comparison 
of the oxidation at 350°C with a regular annealed 
sample shows a similar oxidation curve. The para- 
bolic rate law constants differ by 30 per cent. This 
may be compared to a difference of 400 per cent 
between the two forms of cobalt. 

A set of samples was annealed at 885°C for 6 
hours to form a mixture of the two forms of cobalt. 
Oxidation experiments carried out between 400° and 
700°C are in essential agreement with the results 
on the samples annealed at 475°C for 24 hours. 

One annealed sample was abraded and then oxi- 
dized at 400°C. The oxidation curve found was in- 
termediate between the cold-worked and annealed 
samples. 

The results of these experiments show that the 
difference in reactivity of the two preparations of 
cobalt cannot be interpreted in terms of an oxide 
film and must be attributed to changes in the crystal 
structure, crystal size and orientation, and stresses in 
the surface. 


Time and Temperature Equations 


The parabolic rate law (23, 27) and its several 
modifications (31, 33), the linear rate law, and the 
logarithmic rate law (29) have been used to interpret 


the time variation of the oxidation rate. The para- 
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bolic rate law when corrected for the velocity of the 
interface reaction, AW, is given by the equation 
W? + AW = Kt + C. Here W is the weight gain, 
t the time, K the rate constant, and C a constant. 

The temperature variation of the parabolic rate 
law constant may be interpreted by either the Ar- 
rhenius equation (6) or the transition state theory 
(15). The latter theory gives the following expression 
for K: 


7" 
K =2 at aia ata 


The significance of the terms has been described 
(15). 
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Fic. 5. Reaction of annealed Co with 7.6 em of Hg of 
Oz; effect of temperature (500°-700°C). 
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Fic. 6. Oxidation of Co, 400°C, 7.6 em of Hg of Oz; 
parabolic plot; annealed 885°C, 6 hours. 


The linear rate law and the logarithmic rate law 
do not fit the data. The parabolic rate law corrected 
for the velocity of interface reaction does not apply 
in the temperature range studied here. Although a 
number of empirical equations may be found to fit 
the data, we propose to apply the parabolic rate 
law which is based on a fundamental physical process 
and to study the nature of the deviations. 

Fig. 6 shows a typical parabolic rate law plot in 
which W? is plotted againt ¢ for the oxidation of 
cobalt at 400°C and 7.6 em of Hg. The data fit 
the parabolic rate law after an initial deviation 
during which the reaction proceeds faster than the 
law would predict. Similar fits are found for both 
forms of cobalt. 
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The initial deviation from the parabolic rate law 
may be expected because of a number of disturbing 
phenomena which are difficult to include in any 
equation. These phenomena are: (a) the influence 
of the decrease in roughness or surface area as the 


TABLE V. Parabolic rate law constants oxidation of cobalt 
Temp °C Tx Ww K (g/cm?*)*sec K'/T em?*/sec /°C 
Cold-worked abraded 
200 2.1142 4.17 K 10-" 1.48 &K 10 
250 1.9121 7.50 K 107% 7.23 X 10° 
300 1.7452 1.03 K 10°" 3.57 & 10 
350 1.6051 3.06 X 10 2.50 K 10 
100 1.4859 1.222 K 10°! 9.23 X 10°'* 
150 1.3831 1.915 K 10°” 1.348 « 10 
500 | . 2937 2.80 kK 10°” 1.84 x 10°! 
500 1.2937 2.97 X 107" 1 955 & 10 
550 1.2151 10.30 « 10°" 6.36 &* 10 
575 1.1793 9.25 XK 10°" 5.55 XK 10°'5 
575 1.1793 11.95 K 10°" ‘.4 x 
5S5 1.1655 13.35 K 10°" 7.91 X 10 
600 1.1455 8.05 <X 10°” 1.68 «K 10 
*600 1.1455 11.66 K 10°" 6.80 & 10 
600 1.1455 19.2 X 10°” 11.18 K 10 
650 1.0834 10.84 K 10°” 5.98 K 107! 
700 1.0278 13.33 & 107! 6.96 K 10°! 
+700 1.0278 19.45 K 10°” 10.15 K 10 
t700 1.0278 12.22 x 10-2 6.39 X 10 
§650 1.0278 14.43 & 10-2 7.54 X 10 
300 1.7452 8.06 K 107! 7.14 XK 10°78 
350 1.6051 $.83 XK 107'4 3.94 XK 10°! 
© 350 1.6051 6.80 « 107'4 5.55 &K 10-7 
100 1.4859 1.628 K 107% 1.23 < 107" 
500 1.2937 1.61 kK 10°" 106 K 1075 
600 1.1455 9.3 <X 10°" 5.42 &* 10 
700 1.0278 25.8 X 10-™ 13.48 &* 10°! 
Annealed 885°C, 6 hours 
100 1.4859 8.90 KX 10° | 6.71 K 10 
500 1.2937 1.582 K 10°” 11.97 K 10 
600 1.1455 5.83 K 10°” 3.39 X 10°! 
700 1.0278 21.93 & 10-'2 11.47 K 10 
I;xposed to atmosphere 2 weeks 
500 1.2037 1.054 x 10-2 | 6.94 x 10-1 
600 1.1455 10.0 K 10°” 5.82 & 10°15 
700 1.0278 16.0 K 1O°-# 8.37 X 10 


* Freshly abraded 

+t Held 45 min before reaction 
t Small sample 

§ Small sample 

© Initial oxide reduced in H,. at 600°C 

reaction proceeds, (b) the influence of the heat 
evolved in the reaction on the rate of reaction, (c) 
the influence of the solution of oxygen in the metal 
on the rate of reaction, (d) the influence of the con- 
centration of impurities in the oxide during the early 
stages of the reaction, (e) the change in oxide com- 
position, and (f) the influence of potential fields at 
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the gas-oxide interface due to adsorbed oxygen ions 
according to the mechanism of Mott (24). 


Time and Temperature Correlation 


The K values used in the analysis of the temper- 
ature effects are calculated from parabolic rate law 
plots in the time interval of 60 to 120 minutes where 
the law is found to hold. The temperature is involved 
in the transition state theory as part of the ex- 
ponential term e~#/*7 and also directly as T. The 
energy of activation EF is evaluated from a plot of 
log K/T vs. 1/7. The parabolic rate law constants 
are given in Table V. 
of log K/T vs. 1/T X 10%. 
fitted by two straight lines. 


Fig. 7 shows a plot 
The data can best be 
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In the temperature range of 200° to 400°C a straight 
line is found for the cold-worked or hexagonal form 
of cobalt. An energy of activation of 23,400 calories 
per mole is calculated from the slope. The samples 
prepared by annealing at 475°C, largely cubic, give 
an approximately parallel straight line in the temper- 
300° to 600°C an 
activation of 22,200 calories per mole. 


ature range of and energy of 

The hexagonal form undergoes a transition to the 
face-centered cubic form in the temperature range 
of 400° to 600°C. At 600°C the reaction rates for the 
two forms are about the same. The scatter in the 
results between 550° and 700°C indicates that some 
factor in the history or preparation of the samples 
is not under statistical control. The small break in 
the rate data for the cubic form of cobalt at 600°C 
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may be due to the presence of the small amount of 
hexagonal form which is transforming to the cubic 
structure at this temperature. 

The data of Johns and Baldwin (19) are also in- 
eluded in Fig. 7. 
data. 

An analysis of the available data above and below 
700°C indicates a marked change in the rate of 
reaction at this temperature and it is reasonable to 


Good agreement is found with our 


assume that this is due to a change in the mechanism 
of the reaction or to a sudden change in one of the 
important variables governing the reaction. 

Table VI shows the values of the parabolic rate 
law constants and the energies, entropies, and free 
energies of activation of the rate-controlling process 
in the oxidation of cobalt. The temperature in- 
dependent factors e45*/® are evaluated from the tran- 
sition state theory equation for K. 

Table VII shows a comparison of the parabolic 
rate law constants and the energies, entropies, and 
free energies of activation for the two forms of 
cobalt and the values for iron, titanium, and zir- 
conium. From an oxidation resistance viewpoint co- 
balt at 400°C appears to be inferior to iron, beryl- 
lium, and titanium. Zirconium is superior to the 
hexagonal form of cobalt but inferior to the cubic 
form. 

It is of interest to note that the two forms of 
cobalt have practically the same temperature de- 
pendence of the reaction rate. The difference in the 
actual values of the reaction rate must be inter- 
preted, therefore, in terms of the temperature in- 
dependent term e*S*/®, Since the oxide is probably 
the same in both cases it appears that the difference 
in the e°S*/® term is in the process of forming the 
eation or electrons at the metal-oxide interface. Al- 
though the energy required may be nearly the same, 
the probability factor appears to differ for the two 
forms of cobalt. 

Pressure 

The effect of pressure of the oxygen gas on the rate 
of reaction is shown in Fig. 8 for a temperature of 
550°C. The pressure is varied from 0.38 to 7.6 em 
of O. or by a factor of 20. The results show that the 
rate of reaction increases as a small power of the 
pressure. After two hours the total reaction differs 
by about 30 per cent. At this temperature the data 
are not of sufficient reproducibility to determine the 
precise pressure dependence. 


Effect of Atmospheric Contamination 


Valensi (31) has observed that atmospheric con- 
tamination has a critical effect on the rate of reaction. 
A series of measurements are made to check this 
observation. Specimens of cold-worked and abraded 
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( 


cobalt were exposed to the laboratory atmosphere 
for two weeks. Oxidation experiments were then 
carried out at 500°, 600°, and 700°C. The data can 
be fitted to the parabolic rate law. The 600° and 
700°C oxidation curves agree well with the curves for 


rABLE VI. Parabolic rate law constants, entropies, energies, 
and free energies of activation for the oxidation reaction 


Temp K AS* 
 * cm?sec cal/mole/°C 


J TAS* AF* 
cal/mole cal/mole cal/mole 


A. Hexagonal 


200 





2.12 X 10-16 14.26 23,400 -6750 30,150 
250 3.81 KX 107'§ —13.45 | 23,400 —7030 | 30,430 
300 2.05 X 107 —14.24 23,400 8140 31,540 
350 dD X 10° —13.58 23,400 —8450 31,850 
400 xX 1073) —13.73 | 23,400 -9260 32,660 

B. Essentially cubic 

300 4.09 X 107!5} —19.50 | 22,200 —11,180 33,380 
350 | 2.455 & 107-4 —19.17 | 22,200 —11,930 | 34,130 
400 8.27 X 107") —19.58 | 22,200 | —13,180 | 35,380 
500 8.18 K 10-3) —19.56 | 22,200 -15,110 37,310 
600 4.73 X 107 —19.57 | 22,200 | —17,100 | 39,300 


rABLE VIL. Comparison of the parabolic rate law constants 
and the energies, entropies, and free energies of activation 


(400°C and 7.6 em Os» pressure) 








Co 
Fe Ti Zr 
Cubic Hexagonal 
K em?/see o.21 & | 6.21 & 1.09 X;| 6.67 X</ 1.32 x 
10 14 10 13 10 15 10 15 10 13 
E cal/mole 22, 200 23, 400 22,600 26,000 18, 200 
AS* entropy —19.58 -13.73 —24.6 —18.8 —25.2 
units 
AF* cal/mole) 35,380 32,660 = 39,150 | 38,100 | 35,200 
400 7 - r . 
t _o—* 76 CM 
300 + i ; 
__,—4 386M 
o 4 0.76 CM 
Me ee ee Se — ry. 
re) ae 
~ 
3 __4—_o—4 0.38 CM 
2 200 + 
! 
2 
<a 
o 
100 + + + +-— I 
| 71304 pat 
, ae 
(e) 20 40 60 80 100 120 
TIME (MIN) 


Fic. 8. Reaction of Co with 0.38 to 7.6 em of Hg of Oo; 
effect of pressure (550°C). 


the regular cold-worked specimens which were not 
exposed. However, at 500°C the oxidation rate was 
considerably reduced. This is expected since the 
effect would be most marked at low temperatures. 

The fact that the effect is a small one in these 
experimental procedures may indicate that exposing 
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the specimens to high vacuum before reaction re- 
moves the contaminating film for the 600° and 700°C 
experiments. 


Studies on the Mechanism of the Reaction 


Valensi (31) has proposed on the basis of the visual 
appearance of completely oxidized samples of cobalt 
(CoO) that the reaction occurs by the diffusion of 
oxygen inward. This mechanism is also suggested by 
Arkharov and Graevskii (1) from a study of the 
lattice parameters of CoO at the Co and at the 
oxygen interface. Valensi (31) has suggested that 
the oxidation of CoO should lead from his theory to 
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Fic. 9. Heating and cooling oxide films on cobalt in 
vacuo. A—Oxidized at 425°C, 1 mm of Hg of Os, 1 min; 
B—sample A continued, 450°C, 1 mm of Hg of Os, 1 min; 
C—sample B continued, 350°C, 1 mm of Hg of Os, 60 min. 


TABLE VILL. Effect of temperature on solid phase reactions 


in oxides on cobalt, oxidation pressure = 1 em Oz 
Temp Additional time | Total oxidation Time for 
( of oxidation time transformation 

500 l l 245 see 
10 11 1330 see 

600 l l 220 see 
10 11 280 sec 

650 ] l 250 see 
10 1] 580 sec 

100 111 2230 sec 


a rate of reaction one fourth times that for the cor- 
responding reaction of cobalt. This has not proved 
to be the case. Oxidation of CoO, however, is not a 
good test for the theory since the crystal size, ori- 
entation, particle size and shape, and the nature of 
the stresses present in preparations of CoO are not 
characteristic of CoO when present on the metal. 

Cobalt oxide was prepared according to the 
method of Valensi by oxidizing a 0.050-cm thick 
specimen for 8 days at 950°C and cooling in high 
vacuum. The composition of the oxide was deter- 
mined to be CoOp.9. The specimens had the same 
shape as the original cobalt specimen but enlarged to 
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the volume of oxide. Oxidation studies made on 
these specimens at 7.6 em of Hg showed parabolic 
rate law constants 4500 times as large at 300°C as 
for the cobalt metal specimen. This and other ex- 
periments made in the temperature range of 200° 
to 500°C showed that the oxidation rate is extremely 
fast when compared to the reaction of cobalt. 
The evidence in favor of the oxygen diffusion 
picture weak, although most of our 
knowledge concerning the nature of the diffusing 


species has to date been indirect. It is well to ex- 


appears 


amine the evidence for the alternative mechanism 
for reaction, namely, the diffusion of the cation ar 
electrons outward. Interesting indirect evidence fo, 
the elucidation of the mechanism is the solid phase 
reactions occurring in the oxide under vacuum con- 
ditions. A brief description will be given of these 
studies. 

Electron diffraction studies of solid phase reactions. 
—Gulbransen and Hickman (8), using the electron 
diffraction method at high temperatures, observed 
the formation of CoO on the surface of Co at 300° 
and 400°C for short periods of oxidation at 1 mm 
Hg. For longer periods of oxidation Co;O, is formed. 
These experiments must be interpreted by one of 
the following reactions: (1) Co;0, — 3CoO + 30, 
or (IL) Co,0, + Co — 4CoO. The influence of 
reaction (I) to form CoO at 400°C must be small 
since the equilibrium pressure of O, over Co,0, 
and CoO is 10~'* atmospheres. Stability studies 
on Co;04 present on CoO showed that decomposition 
is very slow at 600°C and lower. It is necessary to 
assume that the solid phase reaction (II) explains 
the appearance of CoO at 300° and 400°C in high 
vacuum. 

Fig. 9 shows a new study of the solid phase re- 
action occurring in high vacuum. Cobalt is oxidized 
in part A for 1 minute at 425°C using 1 mm of 
O.. Co,0, and CoO diffraction patterns are first 
observed in the camera. On heating to 450°C the 
transformation of Co,0, to CoO oceurred in 4 min- 
utes. Parts B and C show the same reaction oc- 
curring for other oxidation conditions. The first 
picture in these experiments is Co,O,4 siuce an at- 
tempt was made to take the picture immediately 
on reaching a pressure of 0.7 microns. The trans- 
formation of Co,04 by the solid phase reaction with 
Co occurs in a few minutes. 

Table VIII shows additional evidence that the 
solid phase reaction (IL) is occurring in the oxide. 
In these experiments the metal is oxidized for 1 
minute at 1 em of O, for the three temperatures. 
The system is evacuated. After reaching a pressure of 
0.7 microns the electron beam is turned on and the 
pattern observed on the fluorescent screen. The first 
structure noted was Co,0, for the three temper- 
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atures. The time for transformation is taken as the 
elapsed time after a pressure of 0.7 microns is 
achieved until the pattern has transformed com- 
pletely to CoO. Longer oxidation times require longer 
periods for transformation. This may be explained 
as due to the thicker CoO layer which decreases the 
diffusion gradient for the transfer of the cation and 
o the greater amount of Co;O0, to be transformed. 
jJrom this point of view the solid phase reactions 
occurring in the oxides of cobalt are similar to those 
occurring in the oxides of iron above 570°C (14). 

These experiments give direct evidence to support 

e case for the diffusion of cations and electrons 
hrough the oxide. The rate of the diffusion of 
cations and electrons is of the right magnitude to 
account for the velocity of the oxidation reaction over 
a large temperature range 350° to 600°C. Since this 
is the mechanism suggested by Wagner and co- 
workers (33, 34) and since the solid phase reactions 
support this mechanism, this mechanism is sug- 
gested for the oxidation reaction. It is of interest to 
express this analytically and to show the relation- 
ships between the solid phase reaction in high 
vacuum and the oxidation reaction. Valensi (32) 
has also considered this problem from a different 
point of view and has developed the necessary equa- 
tions. 

Discussion of the Mechanism of Reaction 

Fig. 10 shows the interpretation of the oxidation 
and solid phase reactions occurring in the oxidation 
process for temperatures below 700°C. 

At the left, the metal-oxide interface is shown at 
point 0. The concentration Co is the concentration 
of Co in the oxide CoO while the concentration of 
Co in CoO at the Co,O, interface is given by (C;. 
The concentration of Co in Co;0,4 at the CoO in- 
terface | is given by (, while C2 is the concentration 
at the gas-oxide interface at 2. The thickness of the 
CoO phase is given by X, and the Co;0, phase by 
X». Both thicknesses are a function of the time tf. 

The concentrations Co, C4, Ci, and C. may vary, 
the values being limited only by the range of homo- 
geneity of the particular oxide. In general, the con- 
centrations observed are determined by the equilib- 
rum values modified by whether the reaction is 
controlled by the interface reactions at 0, 1, or 2, or 
by diffusion. 

The quantity of Co transferred through the CoO 
layer is given by the expression 


~rn (Co — Cy) 
a= 2 iden —o 
14/CaH Xi) 


and the quantity transferred through the oxide Co;0,4 
is given by 








OXIDATION OF COBALT 249 


Here Deoo and Deo, are the diffusion coefficients 
of Co in CoO and Co;Q0,4, respectively, and are 
probably a function of the concentration of Co. 
K, and Kz are numerical constants. 

From material balances at 1 and 2 growth of the 
CoO layer, the Co;O, layer, and the total oxide can 
be expressed in terms of the equations shown in 
Fig. 10. 

As long as oxygen is reacting at 2 and both oxides 
are stable, the two oxides will coexist. The relative 
amounts being determined by the diffusion constant 
for the particular oxide and the diffusion gradient. 
The presence of interface rate-controlling reactions 
determines in part the concentrations of the dif- 
fusing species in the oxide and thus effects the 
quantity of cobalt diffusing through the oxide. 

If the oxidation is stopped at 2 by removing the 
oxygen, the concentration C. will increase to the 
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Fic. 10. Mechanism oxidation of Co (temperature less 
than 700°C). 


level C; and the Co;,0, layer will be destroyed by 
reaction of the Co with the Co,;O,. 

This picture explains the electron diffraction ob- 
servations in all details. 

At temperatures above the decomposition point 
for the formation of the Co;0, layer the process is 
much simpler. In this case the reaction is either 
controlled by the interface reactions at 0 and 1 or by 
the diffusion of Co through the oxide. 


Discussion of the Change in the Reaction Rate at 700°C 


A marked change in the reaction rate at 700°C 
(19, 31) is confirmed in this study. Valensi (31) 
interpreted this change in terms of the oxide com- 
position alone. This is perhaps too simple an ex- 
planation since CoO can coexist with Co;0,4 at tem- 
peratures as low as 300°C while the decomposition 
temperature of Co;0, is nearly 1000°C for 1 atm 
pressure of O.. At 700°C the decomposition pressure 
is less than 10~* atm. 

Valensi’s suggestion should be modified in that 
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700°C. the 
fusion of cations and electrons through the Co;O, 


below rate-controlling factor is the dif- 


layer while above 700°C the rate-controlling factor 
is the diffusion of cations and electrons through the 
CoO layer. 
the reaction, including micrographs of the oxide 


Further studies on the mechanism of 


layer, must be made before the inflection point in 
the rate of reaction is adequately explained. 

The reason for the instability of the oxide at 600 
to 700°C cannot be explained adequately at present. 
However, two facts should be noted. These are as 
follows: (a) The oxide starts to dissolve a little mto 
the metal at temperatures of the order of 600°C. 
This removes the original transition layer between 
the oxide and metal. The presence of this layer 
helps to prevent cracking of the oxide from the 
metal. The solution of the oxide into the metal has 
been noted by electron diffraction studies. (b) The 
solid phase reactions also remove the transition layer 
completely at 600° and 700°C while at lower tem- 

the 
a crystal structure transformation occurs. 


perature transition zone is maintained even 
though 
This effect has been noted in a study of the epitaxy 
relationships in the oxidation of single crystals of 


iron (9). 


SUMMARY 


Thermodynamic calculations are made on (a) the 
equilibrium between the metal, the several oxides, 
and oxygen; (b) the equilibrium between the several 
oxides and the metal; and (c) the reduction of CoO 
and Co,0,4 with He. 


The reaction of cold-worked cobalt (hexagonal 
form) and annealed cobalt (largely face-centered 


cubic form) was studied over the temperature range 
of 200° to 750°C. Colored oxides were formed except 
at 200°C. In the temperature range of 600° to 700°C 
the oxide films cracked on cooling while at temper- 
atures below 600°C the oxide appeared coherent. 
A comparison of the rate of oxidation of the cold- 
worked samples with the annealed samples showed 
that the cold-worked samples oxidized much more 
rapidly than the annealed samples. This is attrib- 
uted to the crystalline structure of the cobalt. 

A comparison of the oxidation rates of a number 
of metals showed that cobalt oxidizes more rapidly 
than iron, titanium, and beryllium and cannot be 
classed as an oxidation-resistant material. A modified 
form of the parabolic rate law fits the data. Acti- 
vation energies of 23,400 and 22,200 calories per 
mole were calculated for the cold-worked and an- 
nealed samples, respectively. The difference in the 
reaction rate of the two structures was attributed 
ta the entropy term e+, 

The effect of contamination of the atmosphere 
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was studied and found to be important only at low 
temperatures. 

The solid phase reactions occurring in the oxide 
were studied using the high temperature electron 
diffraction camera. The experiments show that the 
solid phase reaction Co;0, + Co — 4CoO occurs 
readily in the oxide at 450°C. The effect of length 
of oxidation and temperature on the solid phase 
reaction is determined. 

A mechanism of the oxidation of cobalt and the 
solid phase reactions occurring within the oxide js 
suggested based on the diffusion of cations and 
electrons through the oxide from the metal to the 
gas oxide surface. 


Any discussion of this paper will appear in a Discussion 
Section, to be published in the December 1951 issue of the 
JOURNAL. 
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THE ANODE LAYER IN THE ELECTROLYTIC 
POLISHING OF COPPER 
H. F. Walton (pp. 219-226) 

P. A. Jacquet!': Dr. H. F. Walton’s exeellent work 
brings much useful information on the phenomena con- 
nected with the electropolishing of copper in phosphoric 
acid baths. As far as the anodic layer thickness is con- 
cerned, it is most remarkable that the calculated value of 
0.06 mm is in such good agreement with the experimental 
data which I obtained by direct measurement with an 
adequate optical device*. Actually I found a thickness of 
0.05 mm in equilibrium conditions corresponding to polish- 
ing, without agitation, the voltage being set at 1.8 volts. 
A moderate agitation brings it down to 1.3 volts and the 
thickness of the anodic layer decreases to 0.035 mm. A 
more violent agitation brings the voltage down to 1.2 
volts and the layer thickness down to 0.028 mm. By such 
a process the copper is not polished, but etched. This proves 
a close correlation between the anodic layer thickness and 
the voltage on the one hand, and between the voltage 
and the polishing quality on the other. 


DUCTILE CHROMIUM 

W. J. Kroll, W. F. Hergert, and L. A. Yerkes (pp. 258-264) 

Bruce Gonser®: Have vou noted any differences in 
duetility or ease of forming according to the type of work 
imposed? That is, does the speed or way in which the 
chromium is deformed seem to exert much influence? 

W. J. Kroti: We have not tried different speeds when 
rolling chromium but it is possible that low speed has a 
favorable influence on the malleability. The relative ease 
with which chromium can be pressed cold would confirm 
this supposition. I thank Dr. Gonser for his valuable sug- 


gestion. 


STUDIES ON GALVANIC COUPLES, I 
H. D. Holler (pp. 271-276 

J. M. Pearson*: The bridge circuit as designed by Dr. 
Holler in this study is a distinct improvement for making 
precise measurements of the internal emf and of variations 
of internal resistance as functions of the external current 
passing through the electrode under observation. It has 
the advantage that it can be applied to a half-cell or to 
a dry cell (of two half-cells) with equal facility, and with 
nearly equal precision. 


Where the bridge is used on the terminals of a dry cell 


Tuts Discussion Section includes discussion of papers 
appearing in the JouRNAL of The Electrochemical Society, 
97, No. 7-12 (July-December 1950). 


1 jbis Avenue de Lowendal, Paris, France. 
?P. A. Jacquet, Compt. rend., 202, 402 (1936); Bull. soc. 
chim. France, 5° Série, 3, 705 (1936). 
Battelle Memorial Institute, Columbus, Ohio. 
‘Sun Physical Laboratory, Sun Oil Company, Newtown 


Square, Pennsylvania. 
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as in Fig. 3, the measurements of internal emf and re- 
sistance can be precise to the same order as the precision 
of the bridge components, if the stability of the measured 
quantities permits complete adjustment. 

Where the bridge is used to measure the half-cell poten- 
tial of a single electrode (or galvanic couple) as in Fig. 6, 
there are two points of difference with the first case which 
merit attention. The first is one of definition, viz., what 
is the meaning of the ‘“half-cell potential” of a galvanic 
couple? A good definition is given in operational form on 
page 275 of the text in the discussion of the proper position 
(outside the field of the local action current) for the ob- 
serving half-cell S. 

The second point is the inaccuracy introduced by the 
internal resistance (let us call it “y’’) of the half-cell S, 
which is in series with the bridge arm Q. The result of 
adding this resistance to the circuit is to make Eg + 2V,, 
and r + x when the bridge is at null for emf and for re- 
sistance balance. A simple analysis shows the relations in 
this case to be 


If the ultimate precision of the bridge is to be realized, 
either y/D < 1 (the usual case) to the degree of the tolerable 
error, or y is measured independently (by another bridge) 
and the corrections applied, or Q is adjusted to make 
Q + y = D. In each case, high precision is available to 
the experimenter using this bridge. 

Ordinarily Q + D is so large a resistance that a negligible 
fraction of the test current J will by-pass the electrode. 
If this is suspected not to be the case, an ammeter in series 
with the wire from G to x (Fig. 6) can be used at the point 
of total balance (both for emf and resistance) to measure 
the true applied current. If this is done, the resistance of 
the meter must be added to z to get the correct internal 
resistance of the cell. Also, the meter used must have an 
internal resistance less than that of the cell, to allow for 
adjustment of 2. 

There is one implication, on page 276, to which exception 
may be taken. It is contained in the statement: ‘Then 

Iq _ te (E — @a) 


I. = fa (E— te) (XXIV) 
which shows that the partition of current J is determined 
by the opposing emf as well as by the resistance of each 
path.” This conclusion arises from the direct interpreta- 
tion of the explicit form of equation (XXIV); actually 
both J, and J, contain the loca! action current implicitly; 
hence they do not represent simply the partition of J. 
When the local action current is recognized and made 
explicit in the equation, the partition of J is seen to be 
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independent of both e, and e,. This point is correctly this kind are useful for analysis and understanding of 

SF emphasized in the text below equation (XV) on page 274, many complex relations, as in electrolytic corrosion circuits. 
but is contradicted by the implications of the statement H. D. Hotter: The comments by Dr. Pearson are 
under question. The matter can be clarified as follows: appreciated. 

From the text Perhaps the simplest way to make allowance for y, the 
re o. «= & ~ Lh (IX) resistance of the half-cell, is to add an equal resistance to 
sion the other arm D. 
ured Eg = €e + Fe (X) The interpretation of equation (XXIV) depends on how 

on ; one wishes to define the partition of current. The Miiller 
ten- Ig = > (XI) idea, as expressed in Dr. Pearson’s equations (4) and (5), 
y. 6, . concerns the mathematical components, I(r./ra + T-) and 
hich | ee E — (XIII) I(ra/ta + Tc). Partition of current IJ into these components 
vhat | ? Te is, of course, their ratio, or r./r, . However, if one is inter- 
anic | itnawth on (XV) ested in the actual currents J, and I,, the true parti- 
hon § tion of current is that represented by equation (XXIV). 
tion i ~ Be, tats (XVII) 
ob- I Ta t+ Te ; PHASE RELATIONSHIPS IN THE BINARY SYSTEMS 

' OF NITRIDES AND CARBIDES OF ZIRCONIUM, 

the | Using these equations: COLUMBIUM, TITANIUM, AND VANADIUM 
us i. - _ — Tale ; Pol Duwez and Francis Odell (pp. 299-304) 
It of ae Fe Bets Tat Te 0) Joun W. Grawam®: It has been shown in this paper 
Was 7 25%.» ‘ that values for the ap crystal dimension of TiC, listed 
r re- Substitute t, from (XV) in (IX) to get from various studies over the past few years, have gradu- 


is in ——a ally increased, presumably due to increased purity. It 


Eg = €a — to%a = Ca — ra +? Ta is expected that, as the oxygen content decreases, the 
a c 2 
do dimension would more nearly approach the theoretical 
r r si 
D _ ¢ é+- Fs &. (2) value. 
la + Te Ta + Te Lately in the Kennametal Laboratory, some TiC, pre- 


pared by the Menstrum process, was observed by pre- 


| Substitute (2) in (1) and obtain i: : : : 
liminary x-ray diffraction analysis to have an ap crystal 


’ Ye r Taf dimension of 4.338 A or 4.329 kx units, somewhat higher 
E= €a + —“—e+1—“* (3) harem phage a 
ized, Ta + Te Ta + Te Ya TT Te than values listed in this paper. 
rable Pot Duwez AND FRANCIS OpELL: The authors believe 
idge) showing that EF contains e, and e, implicitly along with J. that Dr. Graham is correct in saying that the greatest 
nake Substitute (3) in (XIT) for uncertainty in the value of the lattice parameter of TiC 
le to E @ a" is due to differences in carbon content. 
I, = "ie = a 3 ~ie Gorpon R. Finuay®: The value of 4.60 A for the lattice 
- a a a cla — . ‘ ™ 
gible constant of TiC which is listed by Karl Becker leads to 
rode. + Te _te a an extremely low calculated density, viz., 4.08 g/ml. All 
series Ta + Te Ta fir the variations in composition suggested earlier by Dr. 
point Collecting terms Norton would seem to decrease the lattice dimension from 
asure the upper limit of 4.338 kx units proposed by Dr. Graham. 
ce of Il, = ——__* + Ve -= i+] “i. (4) Can any explanation be offered for the high value reported 
ernal ta + Pe la + Ve ra + Ve by Becker? In our experience, all preparations of TiC have 
ve an Similarly, a real density in the range of 4.8 to 4.9 g/ml. 
v for P Pot Duwez AND Francis ODELL: The value given by 
“Se. a ° r wy « a e on ea ° 
I, = ” = ma aE = +i, + J] —*—. (5) Becker (4.60 A) is definitely too high, but it is impossible 
r, r r r y , ; 
ption 2 . . ra t Te to determine exactly whether this abnormal value was 
Then Equations (4) and (5) show that J, and J, are composed due to a specimen deficient in carbon or to careless x-ray 
of the algebraic sum of i, , the local action current, and diffraction work. 
XIV) fractions of I, each according to the law of shunts for the 
respective branches. The second terms of each expression PREPARATION OF DUCTILE VANADIUM BY CALCIUM 
. “a > e J v 
are the respective partitions of J which now are seen to a : ‘ REDUCTION ; e 
nined fF ye , R. K. McKechnie and A. U. Seybolt (pp. 311-315) 
» | = independent of e, and e, . é, and e, uniquely determine 
each . ‘ rey » , . ; f r vs sas . , i , j 
iad lo ,as per equation (XV). If J =0,J, = —i,and/, = +%,, W. J. Krouu’?: I join Dr. Marden in congratulating 
yreta- . r : ‘ . 
' which must be the case since i, is independent of J, as Mr. MeKechnie and Mr. Seybolt for the splendid work 
uauy . 
ae pointed out on page 274. : . 
citly; 1] : y 5 Research Laboratory, Kennametal Inc., Latrobe, Penn- 
of I ope that this very excellent technique will be gen- ciiaiaili ’ 
erally use ’ experimenters s , arizati . © eee . a: — 
made y used by nae seen nter: to study polarization phe ® Norton Company, Chippawa, Ontario, Canada. 
rar homena by resolving them in terms of emf and resistance 7U. S. Department of the Interior, Bureau of Mines, 


components as functions of the applied currents. Data of Albany, Oregon. 
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they have accomplished. I used the same process fourteen 
years ago> but the metal obtained was brittle in the cold 
state in spite of its high purity of 99.8 per cent. 

I doubt that commercial grade of calcium metal, electro 
lytic or aluminum reduced, could be used for a large-scale 
reduction of vanadium oxide because of its high cost and 
relative impurity. It usually contains too much carbon 
and nitrogen and would have to be redistilled. Whether 
low-nitrogen calcium metal can be made directly in 
Pidgeon retorts is questionable because of the porosity 
of the cast retorts. Also, due to the high reduction temper 
ature of at least 1200°C, at which retort life is short, the 
aluminum-reduced calcium will remain expensive. Re 
distilling adds to the cost. Preference should go to attempts 
at reducing the chlorides of vanadium with magnesium 
under noble gas, magnesium being purer and cheaper than 
calcium 

A. C. Loonam®: The use by the authors of a mixture 
of caleium chloride and caleium iodide as a flux instead of 
the chloride alone is very interesting and may add sig 
nificantly to the utility of this tvpe of flux. The iodide 
mixture should have all the advantages of pure caleium 
chloride, namely, high solvent power for metallic caleium 
and calcium oxide and low vapor pressure and, in addition, 
should have a considerably lower melting point. Calcium 
773°C) 740°C) 


a simple eutectic system with a minimum 


chloride and caleium iodide 


should 


melting point, perhaps around 500°C or even lower. There 


{mp (mp 


form 


may be other advantages as well. Calcium bromide (mp 
765°C) probably cannot be substituted for the iodide as 
it should form a continuous series of solid solutions with 
the chloride with all melting points between those of the 
pure salts. 

R. K. MeKecuni 
thank Dr. 
commendation. 

We agree with Di 


be unsatisfactory for large-scale reductions according to 


inp A. U. Stypoutr: We wish to 


Kroll and Dr. Marden for their very kind 


Kroll that commercial calcium would 


the process we have described. The use of magnesium as 


a reductant has been satisfactorily demonstrated with 


vanadium trifluoride, although in these reductions we 
believe that there was a high residual oxygen content in 
the metal. We have not been attracted by the vanadium 
chlorides for bomb reduction since the chlorides are gen 
erally hy groscopic 

In reply to Dr. Loonam we should merely like to em 
phasize that we did vers little with the calcium chloride 
found that the ability to 


charge additional active ingredients brought greater divi 


calcium iodide fluxes since we 


dends than were obtained by the use of calcium chloride 


as a fluxing agent. 


HEAT RESISTANCE OF ZIRCONIUM IN 
SEVERAL MEDIUMS 
E. T. Hayes, A. H. Roberson, and R. H. Robertson 
pp 316 $23 
R. M. Treco™: This work is very timely and clarifies 


many points concerning the reactivity of zirconium metal 


®>W. Krout, Z. Vetallkunde, 28, 30 (1936). 

’ Deutsch and Loonam, 70 East 45th Street, New York, 
New York z 

Sylvania Electric Products Ine., Bayside, Long Island, 
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produced by the Bureau of Mines with the common gas 
atmospheres. The reactions of zirconium with hydrogen 
are of particular interest since the production of zirconium 
a brittle hydride 
which can be mechanically comminuted into powder. Tp 


powder depends on the formation of 


this connection I would be interested in the amount of 
residual hydrogen after the 700°C desorption treatment 
in vacuum. The second paragraph on page 320 in reference 
to the softening effect of hydrogen appears to be at variance 
with our experience and does not agree with the authors’ 
following statement concerning the embrittling effects of 
hydrogen. Possibly the softening observed can be attrib- 
uted to annealing of the sheet stock. Finally, if hardness 
data are available for inctusion with the tensile data they 
would constitute a valuable addition. 

kX. T. Hayes, A. H. Roperson, anp R. H. Roserrsoy: 
The data given in the second paragraph on page 320 do 
present an anomaly in that, although the metal is em- 
brittled by hydrogen at 800°C, it is at the same time sof- 
tened, suggesting that the embrittlement is truly an inte: 
granular phenomenon. These statements were checked by 
heating in dry hydrogen at 800°C for 18 hours a sheet of 
zirconium which previously had been heated at 1500°C 
for six hours and furnace cooled. Before the hydrogen treat- 
ment the Rockwell hardness was B 74. Post treatment 
tockwell hardness could not be determined because the 
specimen was shattered by the ball penetrator. However, 
Knoop hardness determined with a Tukon hardness tester 
showed that a decrease from 237 to 176 resulted from hy- 
drogenation. This definitely rules out the possibility of 
strain relief, since the specimen was fully annealed and 
the grains were extremely large, having an average diam- 
eter of at least } ineh. 

The amount of residual hydrogen after the 700°C de 
sorption treatment was not determined. 

Complete hardness data are not available for inclusion 
with the tensile data. 


STUDIES ON ALTERNATING CURRENT 
ELECTROLYSIS, I 

Manuel Shaw and A. Edward Remick (pp. 324-334) 
S. Barnarrr!': During electrolysis of sulfuric acid and 
some other aqueous solutions, hydrated PtOs, is formed 
at platinum anodes. Is it possible that the polarization 
capacity at platinum electrodes in sulfuric acid solutions 
during a-e electrolysis could result from irreversible oxide 
formation rather than from adsorption of hydrogen ion? 
The drift of polarization capacity with time, which in- 
creases as the sulfurie acid concentration increases, might 
then be correlated with the solubility of anodie platinum 
oxides, which also increases with sulfurie acid concentra- 
tion. 

A. Epwarp Remick: The possibility that platinum 
oxide formation at the electrodes may have an effect on 
polarization capacity seems very likely, especially in view 
of our observation that reproducibility of polarization 
capacity measurements is improved by cathodic cleaning 
of the electrodes. It is not clear to me, however, how our 
observed drifts of capacity can be related to the solubility 
of platinum oxides. I suppose these oxides would be most 


'\! Westinghouse Research Laboratories, East Pittsburgh, 
Pennsylvania. 
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apt to be formed electrolytically and since, in making our 
drift studies, the current was turned on only long enough 
to make each capacitance measurement, it is hard to 
understand how the combined effect of a steady rate of 
solubility and the irregular periods of electrolysis could 
result in a smooth curve when capacitance is plotted 
against time. 

Morris Frernuers™: Is the peak value of the a-c poten 
tial corresponding to the capacity elevation point of the 
same order of magnitude as the d-c decomposition potential 
of water (in the systems investigated here)? This would 
lend support to the authors’ theory that the capacity 
elevation point is associated with the electrolysis of water. 

Were any electrodes other than platinum tried in these 
investigations, and, if so, does the choice of electrode affect 
the capacity elevation point or the polarization capacity 
at a given frequency and current density? 

A. Epwarb Remick: The peak value of the a-c potential 
corresponding to the capacitive elevation point varies 
from 0.113 to 0.124 volt over the frequency range from 
400 to 1000 cycles per second. This is the potential drop 
across the double layer as calculated from equation (VIII) 
and presumably corresponds to the overvoltage. Adding 
to this value the reversible potential of the hydrogen- 
oxygen cell, viz., 1.23 volts, gives us about 1.35 volts for 
the decomposition potential of water. The accepted value 
of 1.67 volts for said decomposition potential includes 
the so-called ‘bubble overvoltage” of water. Certainly 
our overvoltage is not a bubble overvoltage inasmuch as 
we never observed any gas bubbles on our electrodes. Our 
value of the decomposition potential thus might reasonably 
be supposed to be lower than 1.67 volts and on the whole 
seems to support the idea that the capacitive elevation 
point corresponds to the onset of the reaction Hz;0* + e ¢ 
H.O + H. No electrodes other than platinum were used 
in determining the capacitive elevation point. 

G. W. Tuiessen': As a corollary of capacity being a 
minimum when ratio of oxidant/reductant = ~ or 0, 
and a maximum when it is unity, it would follow that an 
electrometric location of end point in a redox titration 
could be located by capacitance measurement. 

A. Epwarp Remick: Yes, it could, but due considera 
tion would have to be given to the effect of variable con- 
centration, as shown in Fig. 8. 

N. F. Murpuy'™: Apparently, the capacities given were 
the combined chemical and physical capacities of the cell. 
Is this correct? 

A. Epwarp’ Remick: The values of Cs represent the 
total capacity, as shown by the equation Cs = C, + C), 
Cp given on page 331. 


i) 


J. V. Perroceiii: This is a very interesting paper 
and represents an approach to the study of electrode re 
actions which should prove fruitful. 

It may be worthwhile to point out that we have been 
concerned with similar techniques and measurements in 
our laboratory for some time, and that our results also 
show extremely high capacitance values for some electrode 


® Armour Research Foundation, Chicago, Illinois. 

's Monmouth College, Monmouth, Illinois. 

“Virginia Polytechnic Institute, Blacksburg, Virginia. 

The Patent Button Company, Waterbury, Connecti- 
cut. 


DISCUSSION SECTION 255 


“00 


systems. Thus, in solutions about 0.25 molar in ferric and 
ferrous chloride, we have obtained polarization capacitance 
values as high as 800 microfarads/em?. 

I should like to ask Dr. Remick if he has made any 
attempt to explain his results on the basis of concentration 
polarization effects such as the treatment given by 

tandles!®, 

A. Epwarp Remick: Randles treats the concentration 
polarization effect in terms of Fick’s diffusion law, much 
as Warburg did years ago. As is evident from our paper, 
we did give some consideration to the Warburg equation, 
as shown on page 329. We have not attempted any further 
quantitative correlation of our results with the diffusion 
law although, of course, we used the idea qualitatively 
throughout our paper. 

There are two errors which appear in the printed version 
of the paper. In Table IT the frequencies listed for system 
2 are all ten times too large. Equation (V) should have 
been printed as follows: 


p= Tees 


es, 5 


STUDIES ON ALTERNATING CURRENT 
ELECTROLYSIS, II 

Jacob Silverman and A. Edward Remick (pp. 335-345) 

G. W. Turessen!*?: At Monmouth College, we did ‘slow 
motion” electrolysis, running current (J) from 0 to arbi- 
trary maximum (J9), down to 0, reverse to previous numeri- 
cal maximum (—Jo), and back to 0, and corresponding 
voltages (2) were read. J was set equal to J sin (wt) or Ip 
sin a, and @ was calculated for each J, and a was made the 
X axis. Against a = wt = X was plotted J in one curve, 
E in the other. The displacement between maximums of 
E and I curves was taken as measuring phase angle of lag, 
from which it was intended to calculate the ‘“capacitance”’ 
of the cell. Poor reproducibility on successive cycles led 
us to abandon the idea. The oscillograph was not available 
to us then (1932). But perhaps the oscillograms could be 
retranslated to this plot. The poor cyclic reversibility was 


to be shown by polar coordinates, letting P = J and &£, 
and the polar angle = a; but we never did it. This plot 


might make the electrical engineers happier! 

A. Epwarp Remick: I would not expect that a-e os- 
cillograms could be retranslated to Thiessen’s plot. The 
effect of concentration polarization would be very different 
in the two cases—so also might be the kind and concentra- 
tion of material deposited on the electrode. 


ELECTRODEPOSITION OF METAL POWDERS 
Gustaf Wranglen (pp. 353-360) 

G. L. Purnam!’: The experiments described by Dr. 
Wranglen are of interest in that they qualitatively present 
the conditions necessary for metal powder deposition. 

One or two of the theoretical interpretations, however, 
may be open to some criticism. There is no evidence, for 
example, that low metal overvoltage, per se, is responsible 
for metal powder formation. It would seem equally correct 


16 J. Ek. B. Ranpues, Disc. Faraday Soc., 1, 11 (1947). 
17 Monmouth College, Monmouth, Illinois. 
18 University of Washington, Seattle, Washington. 
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to say that low recrystallization temperature!’, low melt- 
ing point, or low tensile strength promote powder deposi- 
tion. 

The author’s emphasis on cathode film conditions is 
well taken. Conditions at the site of the reaction, the 
cathode surface, control the reaction, bulk electrolyte com- 
positions, temperature, etc., being important only insofar 
as they affect conditions at the cathode surface. Thus for 
a given current density and natural convection, the metal 
ion concentration in the cathode-electrolyte interface will 
increase as the size of the cathode increases, as quantita- 
tively shown by Wagner”; and in the deposition of cad- 
mium and copper powders, alkali salts may greatly 
influence the result by altering the metal ion concentration 
at the cathode surface, since the salt can sometimes cause 
large increases in the pH at the cathode surface. 

Progress is being made toward the calculation of the 
conditions obtaining at electrode surfaces*!: 7? and it is 
hoped that it will eventually be possible to describe in- 
dustrial processes in terms of such conditions. 

Gustav WRANGLEN: I am very much obliged to Dr. 
Putnam for his valuable discussion. Dr. Putnam is right 
that it is doubtful whether low metal overvoltage should 
be put up as a factor responsible for metal powder forma- 
tion. It is certain, however, that the metals with low over- 
voltage are much more easily obtained in powder form than 
the high overvoltage metals. It seems a matter of taste 
as to how this fact should be expressed. As for the other 
properties mentioned by Dr. Putnam, it was pointed out 
by Tammann and Jaachs** that they coincide with low 
metal overvoltage. 

Although the conditions favoring metal powder deposi- 
tion seem rather clear, much work is still to be done (or 
at least to be published) to obtain quantitative relation- 
ships. It is still not possible to say which conditions should 
be used to get a certain desired screen analysis and good 
flow, structure, and density properties without subsequent 
heat treatment, ballmilling, etc., of the powder. However, 
in the case of copper, the recent work by Putnam and 
collaborators has done much to clarify the situation. 
It is not certain, however, and for other reasons than those 
mentioned in the paper, that in a case as this the tradi- 
tional electrolyte, slightly modified from refining, is the 
best. Gassing in a strongly acid solution is always very 
troublesome in a technical plant. For the problem of 
separating metal powder and anode slimes, be it done by 
revolving cathodes and scrapers or by anode bags, a less 
corrosive electrolyte is also desirable. Finally, there is the 


19 R. §. WittiAMs AND V. O. HomerBeERG, ‘‘Principles of 
Metallography,” 4th ed., p. 77, MeGraw-Hill Publishing 
Co., Inc., New York (1939). 

20C. Wacner, J. (and Trans.) Electrochem. Soc., 95, 
161 (1949). 

2.T. R. Beck ano G. L. Putnam, Ind. Eng. Chem., 43 
(1951). 

2C.S. Lin, H. 8S. Gasxiiu, E. B. DENTON, ANd G. L. 
Putnam, Ind. Eng. Chem., 43 (1951). 

23G. TAMMANN AND H. Jaacus, Z. 
Chem., 227, 249 (1936). 

22D. W. Drumicer, R. W. Moutton, anno G. L. Putnam, 
Ind. Eng. Chem., 42, 2099 (1950). 
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problem of washing and drying the powder without oxida- 
tion, which in most cases is a difficult one. 


PLATING EXPERIMENTS WITH AQUEOUS 
SOLUTIONS AT HIGH 
TEMPERATURES 
Seymour Senderoff and Abner Brenner (pp. 361-366) 





M. L. Hour®: If an atmosphere of hydrogen were used | 
in these high pressure, high temperature cells, would jt 
not be possible in the case of copper solutions that the 
metal in the bottom of the cell was the result of displace- 
ment by hydrogen? There are cases mentioned in the 
literature of displacement of Cut+ by hydrogen under high 
pressure. 

SEMOUR SENDEROFF AND ABNER BRENNER: Although 
Ipatieff reported that copper ion was replaced by hydrogen 
at high temperature and pressure, this could not have 
occurred in this case since the run was made under nitrogen. 

R. A. ScHArFER”™: The authors spoke of “complete and 
instantaneous polarization” in their experiment work. | 
would appreciate further explanation of this phrase, in- 
cluding how the measurements were made. 

SEYMOUR SENDEROFF AND ABNER BRENNER: On page 
364, column 2, we refer to “almost instantaneous polariza- 
tion.”” We mean by this phrase that the potential drop 





between the anodes and solution equaled the applied 
potential of 12 volts, and that no appreciable current 
passed. By instantaneous we mean that it occurred too 
rapidly for us to measure the time of build-up of polariza- 
tion by ordinary methods, i.e., ammeter and voltmeter. | 
On page 366 we refer to “completely passive’ anodes. 
We mean that no current would pass at 12 volts using an 
ordinary ammeter and voltmeter for measurement. 


INSTRUMENTATION IN A MODERN CHLORINE 
HANDLING PLANT 
J. M. Hildyard (pp. 367-376) 


' 


Leonarp A. Harris?’: What has been your experience 


with motor valves in liquid chlorine service? Is there a type 
which is comparatively trouble-free, yet reasonably leak- 
proof? 

J. M. Hitpyarp: We do not have many applications for 
using motor valves on liquid chlorine, therefore our ex- 


perience is rather limited. The valves we do have, how- : 


ever, are of the same construction as those we use for 
gaseous chlorine. The only difference is that the stuffing 
boxes give less trouble on liquid service. 

It is important that the action of the valve and the 
superstructure be chosen so that the packing gland is on 
the high pressure side of the valve port. This is the opposite 
of normal valve operation. The reason for this is that 
sometimes flashing will occur in the downstream portion 
of a valve body. Flashing will reduce the temperature of 
the chlorine and may permit dissolved materials to drop 
out and coat the downstream parts of the valve body. The 


25 University of Wisconsin, Madison, Wisconsin. 

26 Cleveland Graphite Cleveland, 
Ohio. 

27 Columbia Chemical Division, Pittsburgh Plate Glass 
Company, Barberton, Ohio. 
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reversal of the valve body permits the stem to operate at 
a higher temperature. 

Russet E. Cusuine”*: With reference to the valves 
which you employ for controlling the pressure in the in- 
dividual cell rooms, what type of valve is used? Are they 
commercially available or are they of your own design 
and construction? 

J. M. Hitpyarp: The motor valves we use in our cell 
rooms are of our own design and construction. We have 
tried both slide and butterfly types. Either type operates 
satisfactorily if the correct materials of construction are 
chosen. 


THE KINETICS OF THE REACTIONS OF BERYLLIUM 
WITH OXYGEN AND NITROGEN AND THE EFFECT 
OF OXIDE AND NITRIDE FILMS 
ON ITS VAPOR PRESSURE 
Earl A. Gulbransen and Kenneth F. Andrew (pp. 383-395) 


W. C. LiniienpDAHL the vapor pressure of 
beryllium is affected by oxide films, does the data which 
are in agreement with other authors indicate that the 
solid solubility of oxygen in Be is very low since the metal 


29. 


: Since 


used was supposed to contain an appreciable per cent of 
BeO? 

Eart A. GULBRANSEN AND KeNNETH F. ANDREW: We 
don’t think one can draw any definite conclusions from 
the data on the solubility of oxygen in beryllium since one 
would need to know how sensitive the vapor pressure of 
beryllium is to the solubility of oxygen. The conclusion 
we draw is that volatile impurities are the critical factor 
affecting the vapor pressure. 

C. H. Tornstne*®: Does the surface roughness influence 
the entropy term in the equation 


2kT 
~ - . 


? - erent 
2 As IR e E/RT 


K 


Eart A. GULBRANSEN AND KENNETH F,. ANDREW: We 
have not studied this point. It is rather difficult to say 
whether the surface roughness affects EF or S since a varia- 
tion in surface roughness alone is difficult to achieve ex- 
perimentally. Thus, changing the surface roughness 
changes the orientation and state of subdivision of the 
crystallites of the metal in the surface as well as influencing 
the oxide film formation. In using the rate equation it is 
advisable not to use it in the thickness region where the 
surface roughness factor is changing rapidly, i.e., 
the initial stage of the reaction. 

SipNeEY BarNArtTrT®!: Preliminary formation of a nitride 
film accelerated the rate of oxidation. Did a solid solution 
of oxide and nitride form on the surface during the oxida- 
tion? If not, the accelerated oxidation is probably due to 
the formation of a cracked film of mechanically mixed 
oxide and nitride phases on the surface. 

Kart A. GULBRANSEN AND KENNETH F. ANDREW: We 


during 
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have not investigated whether a solid solution of oxide 
and nitride is formed. The mechanism suggested by Dr. 
Barnartt is a possible one although stated in too simple a 
form. It is of interest to note that the acceleration of the 
rate of reaction extends to the initial stage of the reaction. 
No visible evidence of cracking was found on the film al- 
though this may have occurred microscopically. 

ALAN U. Srypour*®: If the reaction temperature were 
increased to between 1200° and 1400°C instead of in the 
region of 600°C, then the form of the weight gain - time 
curves might be different. This could occur because of some 
of the oxygen or nitrogen going into solid solution, in cases 
where there was an appreciable solid solubility. 

Karu A. GULBRANSEN AND KENNETH F. ANDREW: The 
weight gain vs. time curves would probably be very differ- 
ent in the temperature range of 1200° to 1400°C. Above a 
certain temperature range in the oxidation of aluminum 
and magnesium we have found that the familiar parabolic 
rate law shifts to a linear rate law. This is in the temper- 
ature range where the vapor pressure of the metal is be- 
coming appreciable. The same phenomena may occur with 
beryllium above 1000° to 1100°C where the vapor pressure 
is becoming appreciable. 


THE KINETICS OF THE REACTIONS OF VANADIUM 
WITH OXYGEN AND NITROGEN 
Earl A. Gulbransen and Kenneth F. Andrew (pp. 396-404) 


W. C. Liturenpant*: To obtain a clear picture of the 
process of nitrogen or oxygen pickup, it would appear 
that we should consider two basic reactions: (1) the surface 
oxidation or nitriding of the surface, and (2) the rate of¢ 
solution of these films into the metal lattice. Thus, ex- 
ceeding a critical temperature for each metal, the weight 
gain might be expected to be related to the rate of diffusion 
into the metal lattice as well as surface film formation. 

Kart A. GULBRANSEN AND KENNETH F. ANDREW: We 
are in agreement with your picture. It is well illustrated 
in the oxygen pickup by zirconium. 

Rosert L. Hapiey**: In with increased 
rate of nitrogen solution after solution of an oxide film 
at 850°C, it seems likely that the presence of the oxygen 
would significantly increase the lattice parameter of the 
vanadium. This might tend to make nitrogen solution 
more rapid. 

EarL A. GULBRANSEN AND KENNETH F. ANDREW: We 
think this is a possible interpretation. 


connection 


REFINING OF MAGNESIUM BY VAPORIZATION AT 
EXTREMELY LOW PRESSURE 
R. R. Rogers and G. E. Viens (pp. 419-424) 

A. W. ScuiecuTen*®’: The authors have made a con- 
tribution to a subject, the vacuum distillation of metals, 
which is of great current interest. The removal of zine 
from lead bullion by vaporization under vacuum has been 

® Knolls Atomic Power Laboratory, Schenectady, New 
York. 

38 Westinghouse Electric Corporation, Bloomfield, New 
Jersey. 

§ General Electric Company, Schenectady, New York. 
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a decided commercial success, and there may be many 
other applications such as the one suggested in this paper. 

The very low pressures recorded in this paper are a 
tribute to the excellent construction of the apparatus and 
also to the pumping capacity of the large diffusion pump 
which was used. A question arises as to whether the results 
obtained at 0.05 microns are any different than those 
that would be obtained at 5 or even 50 microns. This point 
is of importance because the 0.05 micron pressure would 
be very difficult to maintain on a commercial scale. 

The use of a vacuum in distillation has two main pur- 
poses: to protect the metal or metals from oxidation and 
to increase the rate of evaporation. Pidgeon reported that 
in the ferrosilicon-dolomite process no improvement. in 
yield was noted at two microns as compared with 100-200 
microns. St. Clair and Spendlove of the U. 8. Bureau of 
Mines have reported careful determinations on the rate 
of evaporation of zine versus residual gas pressures; one 
series of tests showed no increase in rate below pressures 
of 100 microns. A second series of tests are not as con- 
clusive; there seems to be some improvement below 100 
microns but the data are scattered. 

P. C. Carman writing in the 1948 Transactions of the 
Faraday Society states that in the distillation of liquids 
or the evaporation of solids the following equation gives 
the relation between rate of evaporation and the residual 


gas pressure when P is less than -z. 


W = W.(1 - ) 
T 


“where W = rate of evaporation, W, = the maximum rate, 
P = the pressure above the liquid or solid, and x is the 
saturation vapor pressure of the solid or liquid. 

Taking Run No. 4 as an example, at 600°C the vapor 
pressure of magnesium would be close to S880 microns. 
The distillation rate under a residual gas pressure of 0.05 
microns according to the above equation would be 99.9944 
per cent of the maximum rate. At a residual gas pressure 
of 5 microns the measured rate would be 99.44 per cent 
maximum, and at 50 microns it would be 94.4 per cent 
maximum. 

This loss of 5.6 per cent in the evaporation rate resulting 
from operation at 50 microns rather than 0.05 microns 
is not very serious as it could be compensated for by a 
temperature increase of 2°C, 

At lower temperatures the difference in evaporating 
rates between operating pressure of 0.05 and 50 microns 
would be greater; at higher temperatures it would be less. 

R. R. Rogers anp G,. E. Viens: Dr. Schlechten’s re 
marks deal largely with the effect of pressure on evapora- 
tion rate and yield. Since only one pressure was used in the 
work which we have reported, our paper does not contain 
any conclusions with regard to the effect of pressure. We 
were concerned particularly with the efficiency with which 
the alloying metals could be removed from the mag 
nesium, i.e. with the efficiency with which the magnesium 
could be refined. We also wished to determine the lowest 
temperature at which the process could be operated satis 
factorily. Obviously the suecess of the process would be 
determined to a considerable extent by these two considera 
tions. 
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DETECTION OF SOIL REMOVAL IN METAL CLEANING 
BY THE RADIOACTIVE TRACER TECHNIQUE 
J. C. Harris, R. E. Kamp, and W. H. Yanko (pp. 430-432) 

ABNER BRENNER”: The paper shows that the appear 
ance of water break on a metal surface is second only to 
the radioactive method in sensitivity. I believe that the 
method of employing water break which was used by the 
authors could have been made much more sensitive if 
they had immersed the cleaned and rinsed specimen in a 
weak acid dip before examining it. Frequently a metal 
specimen may be removed from an alkaline cleaner and 
rinsed without showing a water break, but as soon as it 
is acid dipped it will develop a water break. 

The radioactive method of examining a surface for 
soil removal is satisfactory for many purposes, but I 
believe that for purposes of electrodeposition the final 
test is to electrodeposit a coating on the surface and then 
make an adhesion test. A standardized test of this kind 
would be the most practical test for electroplating. 

J. C. Harris, R. E. Kamp, anp W. H. Yanko: It is 
agreed that subjecting the specimen to a weak acid dip 
might have removed any hydrophilic film, to show water 
break if present. However, in practice, the specimen would 
not necessarily be so treated and would therefore appear 
to be clean. We agree that an electrodeposited coating is 
the best test for cleanliness of surfaces to be electroplated. 

Watrer B. Kieier*’: Is the Cy sufficiently radio- 
active to determine the distribution on the surface by 
self-photographing? This would answer some of the pre- 
vious questions as to distribution. 

J. C. Harris, R. E. Kamp, anp W. H. Yanko: The 
suggestion concerning radiography as a means for de- 
termination of distribution of radioactive tracer is an 
excellent one and should be followed. 

W. A. RaymMonp**: First, I would like to compliment 
the authors on having done a very fine job in this paper. 
I believe it is the best paper on cleaner evaluation in 
recent vears. 

Their results on the sensitivity of various cleaning tests 
now in wide usage is especially interesting (Table I). 
The fact that both the water-break test and Hogaboom’s 
copper sulfate test are shown to be more sensitive than 
the fluorescent dye technique is probably contrary to 
common thinking, and, therefore, quite significant. 

I think that, with radioactive tracer techniques, we at 
last have a method sensitive enough to permit accurate 
and reproducible cleaning test results. 

Table IT also points out the relative insensitivity of the 
fluorescent dye technique discussed in Morgan and Hoyt’s 
paper. For instance, 0.26 per cent of residual soil gave a 
negative fluorescent dye test (Mr. Hoyt would have called 
this “perfect”’ cleaning), but the samples still showed 
water break and lack of complete coppering in the Hoga- 
boom copper sulfate test. Experience has shown that such 
a condition would not permit good quality, adhesive elec 
trodeposits. 

This paper would indicate that residual soil should not 


36 National Bureau of Standards, Washington, D. C. 

% Central Research Laboratory, American Smelting « 
tefining Company, Perth Amboy, New Jersey. 

8 Vetal Finishing, New York, New York. 
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exceed 0.10 per cent (or 2-2.4-10~® g/em?*) if adherent 
plating of acceptable commercial quality is to be guaran- 
teed. 

M. L. Hotr*’: The authors mention that one of the 
limitations of the technique described is the small amount 
of surface that can be used due to the area of the counter 
window. Would it not be possible to use a larger surface 
grea and cut it into sections small enough for the counter, 
thus also solving the problem of counting over the whole 
larger surface area? 

J. C. Harris, R. E. Kamp, ann W. H. Yanko: Perhaps 
it might be possible to cut the soiled or washed specimens 
for examination, but an even better procedure would be to 
use the same or a slightly larger specimen which could be 
introduced as a complete sample into a counting chamber. 
Further sensitivity of method could be attained through 
the use of a proportional counter. 

J. J. Bikerman*: It should be possible to utilize the 
excellent method worked out by Harris, Kamp, and Yanko 
also for estimating the surface roughness of a specimen. 
Spread a standard amount of the standard soiling compo 
sition on the specimen surface. Rub this with some bibulous 
material, again in a standardized manner. The amount of 
soil remaining on the surface certainly will, as a rule, be 
greater the rougher the surface. 

J. C. Harris, R. FE. Kamp, ano W. H. Yanko: Dr. 
Bikerman’s suggestion that the tracer method be used 
for estimating surface roughness is an interesting one and 
might prove of much value in such work. 


STUDIES OF TIME-POTENTIAL CHANGES ON AN 
ELECTRODE SURFACE DURING CURRENT 
INTERRUPTION, I 
Sigmund Schuldiner and Roger E. White (pp. 433-447) 
Hersert C. Cocks": I realize that the investigations 
described are preliminary, but it appears to me that the 
authors have concentrated on the decay, rather than the 
build-up, of polarization. Would the authors care to com 
ment on the speed of build-up relative to that of decay, 
and would they give their views on the relative values of 
electrode potential, which exists when the polarizing 
current is interrupted, compared with that when the 
current is continuous, i.e., does the fact that the current 
is interrupted, for however short a time, affect the value 
of the potential? G'asstone® apparently found that, at 
least at low current densities, the value for the two types of 

current was the same. 

In this connection, it may be of interest to note that 
measurements of the deposition potential of zinc-nickel 
alloys gave approximately the same value whether the 
polarizing current was a simple direct current or a pulsat 
ing direct one of approximately the same value. The pulsat 
ing current was a 50 cycle/see one. The measurements 
referred to® were, however, made by the ‘direct’? method. 

SIGMUND SCHULDINER AND RoGer E. Wurre: A typical 


* University of Wisconsin, Madison, Wisconsin. 
® 45-35 46th Street, Woodside, Long Island, New York. 
" “Halfway,’? Onslow Crescent, Woking, Surrey, Eng- 
land. 
2S. Guasstrone, J. Chem. 
*H.C. Cocks 


Soc., 123, 2926 (1923). 
Trans. Faraday Soc., 24, 354 (1928). 
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example of the relative rate of polarization decay to build- 
up time can be seen in Fig. 10 of the paper. From this 
figure the decay time was approximately 50 microseconds 
whereas the build-up time was about 20 microseconds. A 
relatively faster build-up time is also expected from the 
electrical analogy of the double layer which we have as 
sumed. This can readily be seen from the discharge and 
charge equations 


Eo = Ee ®' (I) 


R 
E, = E Pp (| Se: t/CCA/R.+1 Ry)) ) 
(= + =) a. 


for this electrical analogy. From (I) the time constant 
for potential decay is R,C, while the time constant 


for potential build-up is seen from equation (II) to be 


"hy hich i lto C ( R.Rp ) * 
‘hh is eque ) since 
VR, + VR, which is equal t« R, + Rp)" ince 


S always less thi the rate ¢ ) ywi 
R, + Ry is always |e ian #,, the rate of build-up will 


always be faster than the rate of decay. 

The interrupter method we have used has been designed 
to give electrode potentials which are the same as for 
continuous currents. It has been observed on our potential 
traces that the potential after interruption builds up to 
the same value as before decay. The duty cycle of one per 
cent interruption time and the pulse repetition rate are 
such that there is sufficient time to bring the electrode 
potential to the same value as before interruption. 


EFFECT OF MAGNETIC TRANSFORMATION AT THE 
CURIE TEMPERATURES ON OXIDATION RATES 
OF CHROMIUM-IRON ALLOYS 


H. H. Uhlig and Anton de S. Brasunas (pp. 448-452 


Kart A. GULBRANSEN**: (1) Your analysis assumes a 
reaction rate which is independent of thickness for a given 
temperature. Has this been experimentally verified? 

(2) Have vou tried plotting W?/t or the parabolic rate 
law constant against 1/7’? 

(3) Is it not possible on your plot of the weight gain 
after 24 hours against 1/7’ that a curve is obtained which 
gives the appearance of two separate straight lines in 
tersecting more or less at the Curie point? 

(4) Do you obtain the same energy of activation on 
plotting the weight gain after six hours against 1/7’ as 
you get for the twenty-four hour data? 

H. H. UnniGg anp Anron bE 8S. Brasunas: (1) Ow 
analysis assumes that the weight gain or thickness of film 
varies linearly with the logarithm of time of exposure at 
a given temperature. This relation has been accurately 
established for thin films by many investigators including 
Tammann, Vernon, Mehl, and their co-workers. According 
to the logarithmic relation, the rate of reaction dw/dt, 
where w is the weight gain proportional to the film thick 


ness, is inversely proportional to the time of exposure ¢. 


‘* Westinghouse Research Laboratories. East Pittsburgh 
Pennsylvania. 
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Hence the rate is an exponential function of the film thick- 
ness since from the relation 


w/k* 


w =k log (t + 1) it follows that dw/dt = ke 


Our analysis, therefore, does not assume the rate in 
dependent of thickness. In fact, we would not expect such 
a relation to hold except where the linear rate equation 
applies as in the oxidation of tungsten**, molybdenum“, 
and the alkali metals. 

(2) The parabolic rate equation does not satisfactorily 
apply to our data nor to similar data obtained by several 
A detailed discussion of this matter 
for copper is included in “Low Temperature Oxidation 


other investigators. 


of Single Crystals of Copper” by Lustman and Mehl*’. 

(3) We do not feel that the two experimental straight 
lines intersecting at the Curie temperature for each alloy 
is a matter of accident. In fact the experimental data are 
convincing evidence that the activation energies for oxida- 
tion at the reported temperatures above and below the 
Curie temperature differ by measurable amounts. Our con 
clusion, that a change in rate of reaction occurs at the 
electronic change in the alloy at the Curie temperature, 
confirms the same earlier conclusion by G. Tammann. 
Furthermore, the data of McAdam and Geil, plotted in 
similar form to our data, also support this conclusion. 

(4) Although our main conclusion that the Curie temper- 
ature divides two activation energies is adequately es- 
tablished by the data, the values of activation energies 
were reported with no intent that these should be con- 
sidered of high accuracy. Surface preparation of the speci- 
mens, as we mention in the paper, was the main factor 
making it difficult to closely reproduce slopes of log weight 
gain vs. reciprocal of the absolute temperature. We have 
no information, as yet, comparing the activation energies 
for six hour exposure with twenty-four hour exposure. 
It is our expectation, however, that with reproducible 
surface preparation the activation energies would probably 
be identical. The reason for choosing the two testing times, 
namely six and twenty-four hours, was to obtain approx- 
imately equivalent weight gains corresponding to oxide 
thicknesses in the interference color region. 

It is our hope that other workers in this field will repeat 
work on thin oxide films for other ferro-magnetic metals, 
since it is expected that the effect observed by Tammann 
and by us has considerable significance and bearing on the 
mechanism of initial oxidation rates. 

U. R. Evans**: The authors honor me by citing fifteen 
pages of my book as a reference for the ‘current theory” 


of oxidation, which lays emphasis on the part played by 


* Dr. C. Wagner points out that, to be dimensionally 
correct, the logarithmie equation should be expressed in 
the form 

W =k log (t+ 7) — klogr 
where 7 is a constant with dimensions of time. The same 
reasoning as is outlined above applies using this equation. 

‘8B. Lusrman, Metal Progress, 57, 629 (1950). 

61. Scheil, Z. Metallkunde, 29, 209 (1937). 

7B. LustMan AND R. F. Meut, Trans. Am. Inst. Mining 
Vet. Engrs., 148, 246 (1941). 

'S Cambridge University, England. 
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the oxide as a diffusion barrier. It is perhaps permissible to 
point out that the possibility of the oxidation-rate being 
affected by reactions at the interfaces as well as by move- 
ment through the film has, from the first, been emphasized 
in the views put forward from Cambridge. A paper pre- 
sented, by invitation, to the Detroit Meeting of The 
Klectrochemical devel- 
oped a modified equation which introduced both chemical 


Society twenty-six years ago, 
and physical effects*®. This equation may be written 


dy = koki Co 
dt hiy + ko 


where Co is the concentration of the nonmetal outside the 
film, y is the film thickness at time ¢, ko is a physical (diffu- 
sion) constant, and k; a chemical (reaction) constant. The 
modified equation is itselé parabolic, and the “ordinary” 
(Pilling-Bedworth) parabolic equation and the rectilinear 
equation are its two limiting cases. It was afterward found 
by Fischbeck®® to be obeyed when steam acts cn iron. 
Meanwhile at Cambridge, Bannister®! had found that the 
action of iodine (dissolved in chloroform) on silver, which 
k y) at 
relatively large film thicknesses, departs from it at small 
thicknesses, while Wilkins and Rideal®? had found that 
the action of oxygen on copper, which obeys the “ordinary” 


obeys the “ordinary” parabolic law (dy/dt = 


parabolic law at normal oxygen pressures, departs from 
it at very low pressures; in the latter case, the departure 
is probably due to failure of the oxygen to arrive at the 
external surface of the film at a rate sufficient to keep up 
with the velocity at which copper cations could arrive by 
diffusion 
by the authors. The work on platinum by Rideal and 
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as explained in the section of my book quoted 
Wansbrough-Jones®*, also quoted by them, was carried 
out at temperatures and pressures chosen to cause the 
oxide to volatilize immediately; here there could be no 
question of control by the rate of movement through a 
film. 

There is no difficulty in agreeing with the authors when 
they say that the base metal cannot always be ignored. 
The fact that the reaction proceeding either at the internal 
or external surface of the film may sometimes influence the 
oxidation rate, can, in the simplest cases, be recognized 
by a departure from the “ordinary”? parabolic law in the 
direction of a rectilinear law. However, for iron alloys, the 
position is not simple. Even unalloyed iron forms three 
layers of oxide; Bénard and Coquelle®* state that the 
innermost layer grows according to the parabolic law, 
and the two others according to the rectilinear law. If the 
iron contains chromium, there is a gradual accumulation 


“ U. R. Evans, Trans. Electrochem. Soc., 46, 269 (1924). 

5° K. Fiscnpeck, Z. Elektrochem., 40, 522 (1934). 

51U, R. Evans anno L. C. Bannister, Proc. Roy. Soc. 
(London), A125, 389 (1929). 

82 FF. J. Witkins anp E. K. Ripeaz, Proc. Roy. Soc. 
(London), A128, 394, 407 (1930); F. J. Witkins, J. Chem. 
Soc., 1981, 330; Phil. Mag., 11, 422 (1931). 

53}. K. RrpEAL ANp O. H. WANsBROUGH-JONES, 
Roy. Soc. (London), A123, 202 (1929). 

4 J. BéNARD AND O. CoquELLEe, Compt. rend., 222, 
884 (1946); Métaux & corrosion, 25, 241 (1950). 
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of chromium oxide at the base of the film, as shown by 
Pfeil®®, and by Portevin, Prétet, 
erally considered that this layer of chromium oxide pro- 
vides the protection. The French investigators found the 
parabolic law to be obeyed by alloys containing 6 per cent 
chromium, above which value a decision became difficult 
owing to the slow attack. 

It may be difficult to apply a test based on the form of 
the oxidation-time curve to decide whether control due to 


and Jolivet**; it is gen- 


? 


surface reactions is responsible for any anomalies ob- 
served at either allotropic or magnetic change-points. 
Until this has been done, the decision must remain in 
doubt. There are many established cases where an oxida- 
tion rate is affected not only by passage through the film, 
but also by a reaction occurring at one of the film bound- 
aries; it is not, however, quite certain that this is true of 
the cases described in the paper. 

H. H. Unuic anp Anton bE 8. Brasunas: Dr. Evans 
points out correctly that iron and the chromium-iron 
alloys oxidize according to the parabolic equation, pre- 
sumably where relatively thick films are formed. For thin 
films, however, as we point out in our paper, data for iron 
by Tammann and Vernon indicate that the logarithmic 


557,. B. Prem. 
(1929). 

56 A. PorTEVIN, E. Prérer, anp H. Joxiivet, J. Iron 
Steel Inst. (London), 180, 219, 221, 242, 249 (1934). 


J. Iron Steel Inst. (London), 119, 526 
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equation is obeyed. It is our impression that this is the 
situation one expects, namely that in the case of thick 
films the parabolic equation holds, whereas for thin films 
the logarithmic equation rate is applicable. 

Dr. Evans also points out that control of the reaction 
rate for thin films, such as we were concerned with in our 
experiments, may occur at one of the film boundaries of 
the oxide layer. If this were true, there is a question 
whether one would logically expect the Curie temperature 
to have any effect on the course of the reaction. It would 
be possible only if one could demonstrate that the oxide 
formed just above the Curie temperature significantly 
differs as a diffusion barrier and electric conductor from 
oxide formed just below. Perhaps this experiment should 
be done, whatever the expected results. 

It seems more direct to us, however, to ascribe to the 
metal such changes as occur at the Curie temperature and 
that these in turn affect electron emission. This model 
agrees with the mechanism of initial oxidation rate pro- 
posed by N. F. Mott. 

Admittedly, our paper only indicates where the initial 
reaction control may be located, but does not prove it. 
We should like to point out, however, that what we did 
prove, with some measure of success, is that the Curie tem- 
perature, which is an electronic transition within the alloy, 
significantly affects the initial oxidation reaction of the 
chromium-iron alloys. 
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